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Summary
The work described in this thesis involves the study of advanced thin film magnetic 
systems. All the systems investigated have proposed commercial applications and are 
examined to determine both their physical properties on the nanometre scale and their 
magnetic properties to a resolution of =20nm. Most of the work was carried out on the 
highly modified Philips CM20 transmission electron microscope (TEM) at the University 
of Glasgow. Use was also made of the JEOL 2000FX TEM at the University of Glasgow, 
an alternating gradient field magnetometer (AGFM) at the University College of North 
Wales at Bangor and a vibrating sample magnetometer (VSM) at the University of Twente 
in Enschede, the Netherlands.
In chapter 1 the basic concepts of thin film magnetism along with the thin film systems 
which are to be investigated are introduced. In chapter 2 TEMs and magnetometers are 
described with particular reference to the instruments used. This is followed by a 
description of the processes of image formation and collection and the other techniques 
used in the study.
The experimental techniques developed to apply magnetic fields to the samples are 
described in chapter 3. They allow a microscopist to apply a changing field of up to several 
thousand Oersteds to a thin film sample while it is being imaged magnetically. This allows 
details of the micromagnetic structure to be determined that would otherwise be very
difficult to deduce. These types of experiment form a large part of the work contained in 
this thesis, and the results are discussed in chapter 4 to 6.
In chapter 4, Co/Cu and CoCu/Cu multilayers with giant magnetoresistance (GMR) 
properties are described. These thin films have proposed applications as position sensors. 
The magnetisation reversal processes of these films are described and are compared with a 
model. The latter suggests that there is an anisotropy present in the films where the 
thickness of the Cu spacer layer is at the 1st antiferromagnetic maximum (AFM). The 
model further indicates that the uniaxial anisotropy constant for the film with alternating 
magnetic layer thicknesses IKI~1.25IJ/tI where J is the ferromagnetic coupling constant and 
t is the thickness of the thinner magnetic layer and the uniaxial anisotropy constant for the 
film with magnetic layers of equal thickness, IKMJ/tl. This anisotropy is not detected in all 
the samples examined, and since it was not introduced deliberately, its presence is 
surprising.
Chapters 5 and 6 both involved the study of magnetic information storage media. In 
chapter 5 CoNi/Pt multilayers and NdTbFeCo amorphous alloys with attractive properties 
for use as magneto optic (MO) media at low laser wavelengths are described. Two 
characteristic hysteresis loop shapes for perpendicularly magnetised media are considered 
and their micromagnetic reversals are contrasted. To aid the understanding of the reversal 
mechanisms, they are compared with results from computer model predictions for samples 
with the same physical parameters. From these comparisons the following estimates are
made: a wall energy (a w) of 1.8xl0'3 Jm'2 and an activation volume (Vact) of 0.015 of the 
crystallite volume. The validity of these figures is then discussed.
Proposed in-plane longitudinal recording media are described in chapter 6. The samples are 
CoPt alloys deposited under varying conditions, to different compositions and thicknesses 
and onto two different types of substrate. The crystallite structure of the samples are shown 
to be independent of the thickness of the sample but are found to vary as the deposition 
conditions vary. The micromagnetic properties are shown to be dependent on the thickness 
of the samples and the crystallite structure of the samples. Two different reversal 
mechanisms are identified and described in detail. They involve domain walls moving 
through the sample in one case and the nucleation of many independent reverse domains in 
the other. Bits, which have been written on the sample deemed most suitable, are then 
examined and related to the reversal mechanism. This showed that the domain size during 
reversal and the transition width are comparable.
Chapter 7 contains conclusions drawn from the discussions in chapters 4 to 6 and proposals 
for future work.
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1.0 Introduction
Ferromagnetic materials are materials which possess a spontaneous magnetic dipole 
moment at temperatures below a well defined temperature called their Curie temperature 
(Tc). Above this temperature, the spins of the individual atoms are randomly orientated 
so that there is no overall magnetic moment. Even at temperatures below the Curie 
temperature, the individual atomic dipoles are not all aligned parallel with each other; 
instead the orientations of the dipoles are governed by energy considerations. The 
dipoles align themselves in a way to minimise the energy of the system. For 
ferromagnetic systems, the energies which must be considered are: Exchange energy 
(Ea), Anisotropy energy (Ek), Magnetostatic energy (Em), Zeeman energy (EH) and 
Magnetostriction energy (Es). Magnetostriction is the change in length of a 
ferromagnetic material caused by the magnetisation of the sample and will not be 
discussed further in this thesis.
1.1.1 Exchange energy
The exchange energy within a magnetic system arises from the relative orientations of 
neighbouring dipoles. It is a consequence of the Pauli exclusion principle, which forbids 
electrons with the same spins from having the same spatial wavefunction [1]. This 
results in different mean separations for electrons with spin parallel and spin anti­
1
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parallel, so the electrostatic energy of the system becomes dependant on the spins of the 
electrons. The energy associated with this exchange interaction for a pair of spins is:
where Jij is a constant called the exchange integral and Sj and Sj are the spins on the 
electrons. The exchange integral for ferromagnetic materials is positive. The negative 
sign in the expression then implies that a minimum exchange energy results from spins 
aligned parallel. For antiferromagnetic coupling this exchange integral is negative, 
giving the result that antiparallel alignment is preferred. The total exchange energy is 
calculated by summing the exchange interactions of each pair of electrons, although as 
the interaction is generally short range this only involves the nearest neighbours:
with a , (3 and y representing the directional cosines of the magnetisation vector, 
Mi=Msmi(a(r), (3(r), y(r)) and a is the lattice constant of the material, n is a constant 
depending on the crystalline structure (1 for simple cubic, 2 for body centre cubic and 
hexagonal close packed, 4 for face centre cubic) [2], J is the exchange constant and S is 
the magnitude of the spin magnetic moment.
Ea — -2 Jij Si-Sj [1.1]
[1.2]
2
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1.1.2 Anisotropy energy
There are several sources of anisotropy energy: magnetocrystalline, interface, shape and 
induced anisotropy. The magnetocrystalline anisotropy energy allows for a preferred 
direction within the crystal lattice. Within each crystal type there will be one or more 
axes along which the magnetisation will prefer to lie. This will be the minimum energy 
state, and the energy will increase as the magnetisation direction rotates away from this 
axis. The simplest case is for hexagonal cobalt [3], where the easy axis is along the “c” 
axis and the energy density varies with the form:
where Ki and K2  are the first and second order magnetocrystalline anisotropy constants 
and O is the angle of rotation away from the easy axis. For cubic materials such as iron, 
nickel and cubic cobalt the expression becomes:
where Ki and K2  are as before and a , p and % are the direction cosines of the 
magnetisation relative to the cube axes.
The other sources of anisotropy energy can be just as important as the 
magnetocrystalline anisotropy. Interface anisotropy arises at the interface of some 
multilayer thin films and is responsible for the perpendicular magnetic anisotropy which
Ek= Kisin20+K2sin40 [1.3]
E ^ K K a ^ + a y + p Y )  +K2a 2p V [1.4]
3
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results in some films being suitable for magneto optic recording [4]. In polycrystalline 
materials the magnetocrystalline anisotropy will change as the orientations of the 
crystallites changes; however it is possible to induce an anisotropy. The induced 
anisotropy can be created in polycrystalline samples which are deposited in a magnetic 
field and is caused by a preferential ordering of atom pairs in the otherwise random 
alloy [3]. During deposition an interaction between the local magnetisation and the atom 
pairs tends to align the “pair axis” and the magnetisation vector. This results in a “pair 
axis” throughout the sample and, after deposition, the induced anisotropy remains. 
Shape anisotropy arises from magnetostatic considerations which are discussed in the 
next section. Each of these anisotropies result in an energy term which to the first order 
is similar to that for the hexagonal crystal lattice [equation 1.3].
1.1.3 Magnetostatic energy
If there is a net magnetisation perpendicular to the surface of a magnetic body, magnetic 
surface charge is formed. Similarly volume charge can be formed where two domains 
meet which are magnetised with components perpendicular to the domain wall and in 
opposite directions. The magnetic charges result in an magnetic field, called the stray 
field, emanating beyond the surface of the material, and an internal field called the 
demagnetising field (Hd) [3]. The internal field, as its name suggests, opposes the 
magnetisation within the domain, and is given by the expression:
[1.5]
4
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where r is the position vector for the field plots, n is the unit vector normal to the 
surface, V-M denotes the volume charge density and M n denotes the surface charge 
density. The magnetostatic energy is then given by:
Calculation of the demagnetising field is difficult, and is dealt with in section 3.2. The 
magnetostatic energy is highly dependent on the sample geometry, and is at a minimum 
when the magnetisation forms a closed loop, resulting in no surface charge.
1.1.4 Zeeman energy
The Zeeman energy arises from the interactions of the magnetic dipoles with external 
magnetic fields and is given by:
where H is the external field. For a minimum energy state the magnetisation should 
align with the field.
V
[1.6]
[1.7]
v
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1.1.5 Domains and domain wall energies
Domains are volumes of a magnetic sample where the magnetisation is aligned; 
alignment directions are different in adjacent regions [5][6].
In the absence of an external field, exchange and anisotropy energies would be 
minimised if all the magnetisation within a single crystal sample was aligned in the 
same direction, along an easy axis. This could however result in large magnetostatic 
energies if the sample shape was such that there was a large amount of surface charge. 
However in order to eliminate this charge, domains would have to be formed where the 
magnetisation was parallel to the surface of the sample. The formation of domains, 
however involves the formation of domain walls with their associated energy costs. 
Domain walls are regions of the sample where the magnetisation orientation changes 
gradually between the magnetisation orientations in the two neighbouring domains. 
Domain wall widths are often in the range lOnm to lOOnm [2] and they arise due to the 
prohibitively expensive exchange energy costs that would occur if the magnetisation 
orientation changed abruptly. The structure of a domain wall depends on the sample. 
There are two extreme forms of domain wall: the Bloch wall [7] and the Neel wall [8]. 
Bloch walls (figure 1.1a) occur in bulk and thicker thin film samples. The 
magnetisation rotates out of the plane of the film. This would result in high 
magnetostatic energy costs at the surface of a thinner film, and in such situations N eel 
walls occur (figure 1.1b). In this type of wall the magnetisation rotates in the plane of 
the film. Other domain wall configurations exist which are hybrids of these two wall 
types such as cross-tie walls and walls in multilayers [9]. In some multilayer systems it 
has been proposed that the domain walls are of the form of the wall illustrated in figure
6
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1.2. This wall geometry would account for the low wall energies observed in such 
systems.
The final domain configuration in a sample will be a balance of the energy 
considerations discussed earlier and will depend on the geometry of the sample and any 
external fields applied. This is a particular problem in magnetic recording since the 
regular domain shapes which are desirable tend to be expensive in magnetostatic energy. 
The lower energy configuration which is often adopted results in an irregular edge to the 
domain that reduces the area where magnetisation vectors meet head on.
The lowest energy domain configuration will change if an external field is applied; the 
area of the sample magnetised in the direction of the field will want to increase. This 
can be done by (i) moving the domain walls so that preferentially orientated domains are 
enlarged, (ii) creating new domains aligned in the direction of the field or (iii) changing 
the orientation of the magnetisation vector in domains which are not aligned with the 
field. Each of these methods has energy implications. The domain walls may be fixed in 
position, caused by pinning sites which are often crystal defects or boundaries over 
which the domain wall finds it difficult to move. The formation of new domains 
requires the formation of new domain walls (or the destruction of stable wall structures) 
along with the associated energy costs. Changing the orientation of the magnetisation 
vector will inevitably involve changes with respect to the easy axis. This will have an 
associated anisotropy energy cost.
These energy costs will mean that the change in magnetisation of a sample will often be 
less than would be expected for the application of a particular external field. In extreme
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Figure 1.2: The domain wall structure previously predicted for Co/Pt multilayers 
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cases this may mean that large fields (>100000e) may be required even to change the 
magnetisation slightly. This is called magnetic hysteresis. The hysteresis of a sample 
gives rise to a characteristic plot of the magnetisation of the sample against the field 
applied, called the M-H curve, or hysteresis curve. A hysteresis curve is shown for a 
cobalt-nickel/platinum multilayer (figure 1.3). From these curves, characteristice values 
can be measured: saturation magnetisation (Ms) which is the maximum magnetic 
moment for the sample; remanence (Mr) which is the magnetisation which remains after 
the sample has been saturated and the external field is then reduced to zero; coercivity 
(Hc) which is the field which is required to reduce the magnetisation to zero after it has 
been saturated.
1.2 Magnetic recording
The application of magnetic materials to store information has been recognised for 
decades. The concept of magnetic hysteresis is fundamental to the magnetic recording 
process; when a field is applied to a randomly magnetised ferromegnetic medium, the 
magnetisation of the media will align itself to a degree with the field and will continue 
to have a component aligned with the applied field direction after the field has been 
removed. This is the basis of all magnetic recording regimes. Magnetic recording can be 
split into three main categories: in-plane recording, perpendicular recording and 
magneto optic (MO) recording. As its name suggests, in-plane recording involves 
arranging the in-plane magnetisation of a thin film sample in such a way that the stray 
fields produced by the domain configurations can be detected by the a read head, and the 
stored information thereby retrieved. There are two types of in plane recording: 
longitudinal and transverse [10]. Longitudinal recording is at present dominant and
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Figure 1.3: A hysteresis loop for a CoNi/Pt multilayer, showing the position of the 
saturation magnetisation (Ms), remanent magnetisation (Mr) and coercive field 
(He).
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involves writing bits with the magnetisation aligned in the direction of the recording 
track. Transverse recording involves writing bits with the magnetisation at right angles 
to the track direction. Perpendicular recording involves writing bits where the 
magnetisation is aligned perpendicular to the surface of the media. These bits are 
detected by the read head in a similar manner to the in-plane recording regimes. MO 
recording, on the other hand, involves the writing of the component of the magnetisation 
perpendicular to the surface of the media. Information stored in this way can be 
retrieved optically by making use of the magneto optic Kerr effect (MOKE). In this 
thesis I will only consider longitudinal and MO recording.
1.2.1 In-plane recording
This type of recording can be either analogue or digital; in this thesis I will concentrate 
on digital recording. Bits are recorded by passing a write head over the surface of the 
medium, while varying the current to the head in the binary pattern required. The 
varying current through the recording head produces a varying magnetic field between 
the poles of the recording head which has a large enough in plane component to write 
permanent magnetic domains to the media (figure 1.4).
The recorded domains produce large stray fields where oppositely magnetised domains 
meet head on (figure 1.5). These stray fields produce a signal response in a read head 
when it is passed over the media. This response can be electronically processed to give 
the original bit pattern signal which was passed through the write head. The read head 
can be either inductive or magnetoresistive; write heads are inductive. Current media 
have recording densities up to 5gigabits/inch2 [11] and are based on cobalt chromium
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(CoCr) alloys. Hard disk recording systems based on in plane recording have the highest 
data transfer rates (~30megabits/s), however they are susceptible to dust contamination.
1.2.2 Magneto-optic recording
An alternative to recording bits magnetised in the plane of the media and reading the 
stray field that results, is to record marks where the magnetisation is perpendicular to the 
surface of the media and to read the effect these marks have on polarised light. This is 
called magneto optic (MO) recording.
The first MO recording system was released onto the market in 1988. At that time MO 
recording had the advantage of being a high capacity removable storage media. The 
recording medium could be easily transferred between different locations, or stored in 
an archive, due to the recording systems lack of sensitivity to dirt and other 
containments which arises from the non contact recording system (figure 1.6). Current 
magneto optic storage media are made of rare earth-transition metal (RETM) amorphous 
alloys. Recent developements also mean that: data transfer rates are approaching those 
of magnetic recording systems, even higher volumes of data can be recorded on a single 
disk (5gigabytes on a 53A inch disk) [12] and the system has a proven record of over a 
million read/erase cycles.
Recording MO marks in the simplest case involves heating up an local area of the media 
to a temperature above its Curie temperature. The area then cools down in an applied 
field and the magnetisation of the local area is fixed in the direction of the applied field. 
Recording mark sequences can be done by either laser power modulation (LPM) or
10
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Figure 1.6: Schematic of a magneto optic read/write system.
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magnetic field modulation (MFM). Laser power modulation involves recording bits by 
turning the laser on and off in a constant magnetic field when bits are required to be 
recorded. This recording system requires that any previously recorded data is deleted 
beforehand. Magnetic field modulation involves keeping the laser beam switched on and 
altering the magnetic field in the pattern required. This regime can write directly over 
old data. In both cases the recorded area is defined principally by the laser spot.
Read out is done using the magneto optic Kerr effect (MOKE). This is where polarised 
light is shone onto the sample, the polarisation of the light is rotated as it is reflected off 
the magnetised media. The sense of the rotation depends on the direction of the 
magnetisation (figure 1.7). The reflected light can then be analysed to determine the 
recorded pattern. A typical MO medium will rotate the polarisation by around 0.5°.
1.2.3 Giant magneto resistance
Magnetoresistance (MR) is the change in electrical resistance of a material in the 
presence of an external magnetic field. Giant magnetoresistance (GMR) was first 
reported in 1988 for Fe/Cr multilayers [13]. The multilayers were grown by molecular 
beam epitaxy and at T=4.2K the resistivity was lowered by a factor of 2 in a field of 2T. 
Baibich, et al., who grew the samples and discovered the phenomena, attributed the 
change in resistance to the spin dependent scattering of the electrons at the interfaces of 
the layers. To date several other multilayers and granular systems have displayed GMR 
effects, including a Co/Cu multilayer system which displayed a 115% GMR effect with 
the current in the plane of the film [14].
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The size of the GMR effect is related to the coupling between the layers, and the spin 
dependent scattering of the system. While the spin dependent scattering is an inherent 
property of the interfaces between the layers, the coupling can be controlled by the non­
magnetic spacer layer thickness (figure 1.8). For Co/Cu multilayers, the ideal copper 
thicknesses are 0.9 and 2.0 nm, corresponding to the first and second maxima in 
antiferromagnetic coupling.
GMR materials have uses in magnetic field sensing devices, and magnetic random 
access memory. The field sensing devices can be used as either position sensors, or read 
heads in magnetic storage devices. As read heads, GMR devices are potentially much 
more sensitive than current anisotropic magnetoresistive (AMR) or inductive heads. As 
absolute position sensors, the output signal of the sensor must be independent of the 
magnetic history of the sensor in order to give an unambiguous response. This would 
require little or no hysteresis in the magnetic response of the sensor. In this thesis I will 
only consider materials suitable for this application.
1.3 Scope of this thesis
In this chapter I have discussed some of the magnetic processes present in thin films. I 
have also indicated where they are of commercial use, and the direction in which they 
are heading.
In chapter two I discuss the imaging modes of the transmission electron microscope 
(TEM) which can be used to reveal both structural and magnetic information on a thin
12
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Figure 1.8: GMR amplitude of Fe/Cr multilayers plotted against Cr layer thickness. 
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film sample down to the nanometer scale. I also discuss two types of bulk 
magnetometers, which can be used to give additional information when used in 
conjunction with TEM experiments.
In chapter three I discuss novel methods for applying magnetic fields of up to several 
thousand Oersted to samples while they are being magnetically imaged in the TEM. 
These techniques provide a great deal of information about the micromagnetic 
properties of a thin film sample. Such information will be invaluable in the 
understanding of the bulk properties of these media, and will determine whether they are 
suitable for future applications.
In chapters four, five and six, I apply the techniques as outlined in chapters two and 
three to GMR sensing media, magneto optic recording media and magnetic recording 
media respectively. These media display a wide range of magnetic properties and by 
accurately describing their micromagnetic properties, I am able to prove the usefulness 
of the techniques described in chapter three.
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Chapter 2
Transmission electron microscopy instrumentation and
techniques
2.0 Introduction.
In this chapter the application of a fixed beam and a scanning transmission electron 
microscope (TEM) as tools for the investigation of the physical and magnetic 
microstructures is discussed. The Philips CM20 CTEM/STEM and the JEOL 2000FX 
CTEM at the University of Glasgow are introduced in section 2.1. Here I discuss the 
imaging column along with the modifications made to both instruments and how they 
facilitate the micromagnetic and microstructural investigation of thin film samples.
In section 2.2 I discuss the interactions between the incident electron beam and the 
sample. In sections 2.3 and 2.4 I discuss image formation in the TEM and both the 
structural and Lorentz imaging modes which are used to reveal physical and magnetic 
microstructure. Finally in section 2.5 I discuss the use of bulk magnetometers to 
supplement the information obtained using the transmission electron microscope.
2.1 TEM instrumentation.
The majority of the experiments reported in this thesis have been performed on the 
Philips CM20 and the JEOL 2000FX electron microscopes at the University of
15
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Glasgow. There is therefore in the following discussion an emphasis on aspects which 
are of a particular relevance to these microscopes.
2.1.1 The microscope column.
The microscope column is a series of lenses, deflection coils and apertures which can 
be set up in several modes to highlight some of the interactions between an electron 
beam and a specimen. Figure 2.1 shows the layout of these lenses for the Philips 
CM20 microscope. As can be seen the lenses are split into 3 groups: the condenser 
lenses, the objective lens system and the post specimen lenses. Each group has an 
aperture associated with it. The condenser lenses and condenser aperture control the 
illumination on to the specimen. The objective lens system is the imaging lens. As in 
visible light systems the aberrations in this lens control the final resolution that is 
attainable. The objective aperture can be used to create diffraction contrast by blocking 
Bragg diffracted electrons, or can be used for Foucault imaging (section 2.3.4). The 
post specimen lenses project the contrast produced by the objective lens system and 
aperture onto the viewing screen. This can be done by either focusing on the back focal 
plane of the objective lens system to produce an image of the sample, or by focusing 
on the diffraction plane of the sample to produce an image of the electrons diffracted 
by the sample. The selected area aperture allows diffraction patterns to be obtained 
from a well defined area of the sample.
Both the Philips CM20 and the JEOL 2000FX microscopes which have been used in 
this work were modified to improve their field free imaging resolution. In unmodified 
microscopes there is only a single objective lens and the specimen is placed in the field
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of this lens for viewing. This field can reach values of over 50000e. A magnetic field 
of this size would perturb the magnetic microstructure of the sample so this lens would 
have to be turned off to view magnetic features. This would decrease the magnifying 
power of the microscope available to the user, causing a great reduction in the 
resolution available. To overcome this problem the JEOL 2000FX has a “field free” 
objective lens incorporating a non-immersion pole piece which restricts the field at the 
specimen to less than 10 Oe even when the objective lens is fully excited. The Philips 
CM20 has two additional lenses, above and below the objective lens, called the upper 
and lower Lorentz lenses (Figure 2.1), which can be used to produce field free imaging 
when the objective lens is turned off. These modifications allow a magnetic resolution 
of <2nm compared to a typical resolution of 40-80nm in an unmodified system [1].
2.1.2 Magnetic lenses and their aberrations.
Magnetic lenses are preferred to electrostatic lenses because of their smaller 
aberrations and their freedom from trouble associated with high voltages. Magnetic 
lenses (figure 2.2) consist of a soft iron pole piece which produces an axially 
symmetric field for focusing the electrons. The pole pieces are magnetically coupled to 
the magnetic yoke which contains the windings. The magnetic field at the pole pieces 
is varied by changing the d.c. current which flows through the windings, and this leads 
to a change in the focal length of the lens. It should be noted that hysteresis effects 
within the lens mean that field produced by the lens with a particular current through 
the windings may vary, although it is steady to one part in a million.
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As with all lenses the resolution of magnetic lenses is limited by various types of 
aberration. This is especially important in the objective lens, since the aberrations in 
this lens determine the resolution of the whole system [2] . Hall (1953) lists a total of 
eight third order aberrations but here we will only discuss the three most relevant. 
These are spherical aberration, astigmatism and chromatic aberration. Technological 
advances have allowed microscopes to be produced where the other third order defects 
are reduced to insignificant values for most applications.
Spherical aberration is the dominant defect in magnetic lenses since at present there is 
no convenient way of correcting it. Spherical aberration occurs since the further from 
the centre of the lens that an electron passes the more strongly it is focused, (figure 
2.3). This aberration is expressed in terms of the radius of confusion, which is related 
to the cube of the angle (a) at which the electron leaves the object (equation 2.1).
Ars = Cs<x3 [2.1]
Cs is the spherical aberration coefficient of the lens. The Cs value for the Jeol 2000FX 
field free objective lens and the (large gap) objective lens of the Philips CM20 
microscope is 6.5mm.The Cs value for the Lorentz lenses on the Philips CM20 
microscope is 18mm. A typical value for a high resolution objective lens is 2-3mm. It 
should be noted that the spherical aberration is always positive so the off axis electron 
is always focused closer to the lens than the near axial electron.
Astigmatism results from asymmetry in the objective lens field usually caused by 
irregularities in the soft iron pole piece. The lens effectively has different focal lengths
18
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for paraxial electrons on two different planes of symmetry (figure 2.4). Astigmatism 
can be corrected by introducing an equal and opposite astigmatism using octopole 
stigmators. Each lens system has an associated set of stigmators.
Chromatic aberration arises if there is an energy spread in the imaging electrons. The 
energy spread may be caused by instabilities in the accelerating voltage, instabilities in 
the lenses further up the column or may be introduced by the specimen itself. This 
results in a disc of confusion which is expressed in terms of the energy spread of the 
electrons (AE), and the angle of incidence of the electrons to the lens axis(a), the mean 
energy of the electrons (E) and the chromatic aberration coefficient (Cc) (equation 2.2).
AE
Ar£ = Cca —  [2.2]
The Cc values for the Jeol 2000FX field free objective lens and the large gap objective 
lens on the Philips CM20 are 5.0mm. The corresponding value for the Lorentz lenses 
on the Philips CM20 microscope is 40mm. Typical values for Cc are of the same order 
but slightly less than/, the focal length of the lens.
2.1.3 The electron gun system.
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The electron gun consists of an electron source, an electrostatic lens and accelerating 
plates (figure 2.5) [3]. The electrons leave the source and are accelerated and partly 
focused by the electrostatic lens typically to an energy of 40keV. The electrons are 
then further accelerated by the accelerating plates. Both the microscopes I use 
accelerate the electrons to an energy of up to 200keV. For electrons with an energy of 
200keV the corresponding electron wavelength is 0.0251A.
For high resolution imaging and magnetic imaging the resolution is limited by the 
quality of the lenses and the coherence of the source, and for ease of image collection 
the source should be as bright as possible. Brightness is determined by the current 
density per steradian. There are three main types of electron source which are used in 
electron guns: the tungsten filament, the lanthanum hexaboride (LaB6) filament and 
the field emission gun (FEG) [4]. The tungsten filament provides an inexpensive, but 
low brightness electron source. A tungsten source will produce a current of up to 
0.5|iA The LaB6 filament provides a ten fold increase in brightness by reducing the 
electron work function on the surface of the source. The FEG can produce a very small 
source with a brightness up to one thousand times brighter than the tungsten source. 
Field emission occurs when a material with a suitable work function is placed in a 
strong extraction electric field. There are two types of field emission gun: cold FEG 
and thermally assisted FEG. Cold FEGs use a pointed tungsten cathode and are very 
bright sources, producing currents of up to 500|iA, however they are prone to short 
term instabilities and require the tip to be flashed with a heating current to increase the 
filament lifetime to beyond a few minutes. Thermally assisted FEGs uses a tungsten tip
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which is zirconiated to reduce the work function, and provides a greater stability than 
cold FEGs but with a slight reduction in the brightness.
The JEOL 2000FX uses a tungsten filament source and the Philips CM20 uses a 
thermally assisted FEG source. The electron source on the Philips CM20 will produce 
a current of up to 400|iA
2.1.4 Image collection and recording
Electron microscopy images can be recorded on either a photographic plate, a TV 
camera or on a slow scan CCD camera. Photographic plates were used for many 
experiments, indeed it was the only recording method available on the JEOL 2000FX.
| The type of film used was CEA Reflex-15 due to its relatively short exposure times
!
compared to other film types, a typical exposure time for bright field images being 1
! second compared to 6 seconds, for diffraction patterns 0.2 seconds compared to 1
|
I second, and for magnetic images 5 seconds compared to over 80 seconds. Film
| however required time consuming developing and processing and was incapable of
|
| effectively capturing the time dependent phenomena which were involved in some
experiments. A TV pick-up and video system is incorporated on the Philips CM20 
underneath the camera chamber. This comprises a low light camera with a RCA 
silicon intensifier target tube (SIT) viewing a single crystal YAG screen. Images are 
acquired using an Agar camera control unit T1570 followed by an Arlunya image
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processor TF6000. These allow the image to be integrated over several frames to 
increase the signal to noise ratio. Individual frames can be grabbed using a PC with a 
suitable video card, however the signal to noise ratio of these images is not sufficient 
to enable detailed analysis. The slow scan CCD camera provides a means for recording 
high resolution sequences of images with a high signal to noise ratio. The typical 
acquisition time of 0.25 seconds compared to several seconds that is often required for 
photographic film allows images of an evolving system to be more reliably obtained. 
The CCD camera is controlled by an Apple Macintosh Quadra computer which allows 
immediate on-line data analysis. Since the data is in digital form, the format of the data 
may be changed to allow the images to be read into a spreadsheet, or some other 
computer program, for direct analysis. The digital images are then written onto a CD 
ROM disk or a Magnetic ZIP disk for long term storage and recovery. This provides 
more reliable storage than photographic negatives, or video tape.
2.1.5 The vacuum system
The JEOL 2000FX operates at a vacuum of ^lO^Pa, a typical value for most TEMs. 
The CM20, however, has three separate vacuum areas which are connected by 
differential pumping apertures. There are two ion-getter pumps around the gun region 
which maintain a vacuum of 5x l0 '7Pa. The gun area can also be isolated from the rest 
of the column with the gun isolation valve, this ensures that the gun source is not 
damaged by gases which have been ionised by the electron current. The specimen 
region is maintained at a pressure of 2.7x10'5Pa using another ion-getter pump and an
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anti-contamination large surface gold plated cold finger. For clean specimen changes 
the specimen rod is pumped by a turbo pump and back filled with dry nitrogen in an 
automatic cycle. The viewing chamber has a vacuum maintained at ~10'6Pa using an 
oil diffusion pump with a buffer tank and an intermittently pumping rotary pump.
2.2 Electron-specimen interactions
2.2.1 Structural interactions
The electron beam is scattered by the potential produced by the positive nucleus and 
the outer electrons. The frequency of scattering events increases with the square of the 
atomic number of the material the electrons are being scattered from. This means that 
for transmission experiments the sample must be thin enough (<100nm) to allow 
transmission of enough electrons for a useable signal to be obtained. Contrast in 
structural experiments arises from the phase relationship between two or more 
scattered electrons, the origins of which can be described as follows. In 1912 Bragg 
gave an expression for the angle through which x-rays would have to be scattered from 
a regular crystal to produce positive interference:
2 6L,sin0 = A [2.3]
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where dhki is the interplanar distance for the lattice planes with the indices (h,k,l) and X 
is the wavelength of the x-ray. In 1924 De Broglie predicted the dual wave-particle 
character of a stream of particles. This was demonstrated for electrons in 1927 by 
Davisson and Germer. The wavelength of an electron is expressed as:
X =
h
m v
[2.4]
where v is the velocity, and m is the mass of the electron, h is Planck’s constant. When 
calculating the velocity from the energy given to the electron by an accelerating 
voltage, corrections for relativistic effects give the equation for the wavelength of the 
electron as:
A =
h
j
(2 meVr):
[2.5]
where:
V. = Vn
' l  + eV^
2m0c2 j
[2.6]
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and Vo is the accelerating voltage, e is the charge on an electron, mo is the rest mass of 
the electron, and c is the speed of light. For electrons accelerated in a voltage of 200kV 
this gives a wavelength of 2.51pm.
Furthermore the distances between the planes of atoms in a regular crystal can be 
expressed using a plane spacing equation. This equation is different for each type of 
crystal lattice, and for cubic crystals it is:
ctm = a
t i + k + r
[2.7]
where h, k and 1 are Millar indices and a is the lattice constant. Combining this with 
the Bragg law and using the De Broglie formula to get the wavelength of the electron, 
allows us to express the angle of diffraction in terms of these crystal constants:
sin20  =^2 (h2+k2+f) [2.8]
As the plane spacing equation varies for each crystal type, so will equation (2.8). This 
equation allows us to determine the crystal type, and lattice constant for a sample by 
measuring the Bragg diffraction angles.
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2.2.2 Electron-ferromagnetic specimen interaction
The electron beam interaction with a ferromagnetic specimen can be explained 
classically in terms of the Lorentz force [5]. Figure 2.6 shows a ferromagnetic sample 
containing two domains where the magnetisation is oriented in opposite directions 
separated by a domain wall. The magnetisation directions are perpendicular to the 
page.
Electrons passing through the specimen are deflected in a direction perpendicular to 
both the electron path and the induction in the specimen. The angle of deflection is 
given by:
where By(x,y) is the component of magnetic induction in the y-direction at the point 
(x,y), e is the electronic charge, X is the electron wavelength and h is Planck’s 
constant. For a region of constant magnetisation (Ms) and a constant thickness (t) the 
deflection angle is given by:
[2.9]
[2.10]
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where the magnetic induction is given by Bo=|ioMs.
The Lorentz deflection for 200keV electrons passing through a 50nm sample with a 
saturation induction of IT gives p=3xl0 '5radians. This angle is much smaller than the 
typical Bragg deflection of «10'2radians.
This result (equation 2.10) assumes there are no stray fields around the specimen. The 
presence of stray fields is described in chapter 1. Since stray fields will generally have 
a directionality opposed to the magnetisation in the specimen at that point, they will 
act to reduce the overall Lorentz deflection of the electron.
2.3 CTEM  image formation
2.3.1 Diffraction patterns
Diffraction patterns are used to reveal the crystallite structure of the sample. The 
diffraction pattern is obtained by using the pre specimen lenses to focus the electrons 
on the back focal plane of the objective lens. The post specimen lenses are used to 
control the camera length, and project the diffraction pattern onto the viewing screen 
(figure 2.7a). Recording diffraction patterns of the specimen tilted to two or more
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Figure 2.7a: Ray diagram showing the TEM in diffraction mode
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angles to the electron beam can be used to determine if there is any crystallite 
texturing. Crystallite texturing occurs when there is a preferred crystalline orientation 
in the sample. The orientation of particular crystallites can be observed by focusing the 
beam down to a point on the specimen, although this does not give a point diffraction 
pattern. Alternatively a selected area aperture may be inserted (20-65jim across) to 
look at the orientations within an area. This technique can also give information on the 
degree to which neighbouring crystallites are oriented in the same direction since the 
diffraction pattern will change from being smooth rings to being a spot diffraction 
pattern if there are few enough crystalline orientations within the area of the selected 
area diffraction patterns.
2.3.2 Bright field and dark field imaging
To reveal specimen features there must be contrast in the image. This is achieved in 
bright field imaging by inserting an aperture in the back focal plane of the objective 
lens (figure 2.7b). This excludes any electrons that have been Bragg reflected from the 
resulting image. The resulting contrast is called “diffraction contrast”. The electron 
beam may also be tilted or the aperture may be moved to allow only a selected Bragg- 
deflected beam to form the image, this is called dark field imaging.
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2.3.3 Fresnel imaging
Fresnel imaging is a mode of Lorentz electron microscopy [6]. The contrast in Lorentz 
modes arises from the interactions of the electron and the induction of the sample as 
discussed in section 2.2. The contrast in the Fresnel mode is achieved by defocusing 
the bright field image to observe a plane above or below the sample (figure 2.8). The 
interference effects shown when the Lorentz deflected electrons converge only occur 
when a highly coherent electron source is used, instead the domain walls usually 
appear as dark or light lines. The appearance of the contrast in the image is dependent 
on whether under focus or over focus is used, as domain walls which appear as light 
lines in under-focus appear as dark lines in over-focus.
The main advantages of Fresnel imaging are its ease of implementation, the high 
contrast of the domain walls and its relative lack of sensitivity to the defocus used. 
These advantages allow experiments to be performed which involve changing the lens 
settings while the sample is being imaged. This is virtually impossible in other Lorentz 
imaging modes.
The main disadvantages are the lack of directional information and the requirement for 
the image to be defocused. The defocus results in poor resolution and makes it difficult 
to obtain quantitative information from the images produced.
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\
2.3.4 Foucault imaging
In Foucault imaging an opaque aperture is positioned in the back focal plane to remove 
electrons, deflected through the Lorentz angle, from a limited range of magnetisation 
orientations (figure 2.9) [6]. This in-focus technique produces magnetic contrast 
relating to the direction of the magnetic induction in different domains, although for 
full information a pair of Foucault images must be taken with the aperture position 
placed in orthogonal directions. Foucault imaging provides information on the domain 
geometry and the approximate direction of the magnetic induction within each domain. 
There is great difficulty in obtaining quantitative information since the contrast is 
highly non-linear and is greatly dependent on the aperture positioning. The aperture is 
assumed to be perfectly opaque, but in reality the edge is non-uniform, partly electron 
transparent and susceptible to charging effects. The Foucault mode complements the 
Fresnel mode in allowing for a rapid investigation of the magnetic properties of thin 
films.
2.3.5 Low angle diffraction (LAD)
The deflections in the beam caused by the Lorentz force may also be viewed directly. 
This is done by setting the microscope up in diffraction mode and using very long 
camera lengths (>100m). The central spot is then imaged at a high enough
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Figure 2.9: Schematic showing image formation in the Foucault imaging mode.
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magnification that the Lorentz deflection results in a displacement of parts of the 
central spot of a few mm in the final image. For a sample with two magnetic domains 
in plane with magnetic induction in opposite directions and a Lorentz deflection angle 
of 3xl0~5rad viewed in low angle diffraction mode with a camera length of 100m, the 
undiffracted beam would be viewed in the microscope chamber as two separate spots 
with a separation of 6mm.
2.4 STEM image formation
In CTEM the whole image is acquired over a period of time, while in STEM each 
pixel of the image is acquired sequentially over a much shorter period of time as the 
illumination is scanned across the specimen in a raster. Reciprocity states that any 
imaging mode performed in CTEM may also be performed in STEM provided that the 
detector response and source functions of the STEM and CTEM respectively are 
equivalent and there is no inelastic scattering in the sample. This has been shown to be 
true for magnetic imaging. Under STEM, however, there is the ability to modify the 
detector response function which allows for the novel imaging modes such as 
differential phase contrast (DPC) and modified differential phase contrast (MDPC) 
described in this section.
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2.4.1 Differential phase contrast (DPC) imaging
In DPC imaging an electron probe is scanned across the sample, with the resultant 
cone of electrons being centred on a quadrant detector below the sample [7]. The 
scanning motion of the probe is removed from the cone of electrons by the descan 
coils below the sample (figure 2.10). Any magnetic induction in the sample causes the 
cone to be deflected by the angle p, this causes the proportion of the signal that falls on 
each detector to change in a manner which is related to the deflection. If a difference 
signal is taken from opposite sections of the quadrant detector, for example A-C, the 
resultant signal is directly related to the magnetic induction in the perpendicular 
direction. A bright field image can be obtained at the same time by summing the 
signals of the four detectors. In this way two images mapping magnetic induction in 
orthogonal directions and a bright field image may be obtained at the same time.
The main advantage of DPC imaging is the ability to obtain a set of images at the same 
time and the same area which represent the magnetic induction in two orthogonal 
directions and the crystallite contrast. This allows reliable computer manipulation of 
the images to produce a vector map of the induction vectors and makes interpretation 
of the images easier. The time taken to record a set of DPC images means that any 
magnetic states to be reliably investigated using this technique must not change during 
the period of acquisition. For a more in depth explanation of DPC imaging see [8].
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2.4.2 Modified differential phase contrast (MDPC) imaging
In modified differential phase contrast (MDPC) imaging the quadrant detector used in 
DPC imaging is replaced by two quadrant detectors, one is situated in the position of a 
standard DPC detector, the other is situated in an annulus around the standard detector 
(figure 2.11). If a difference signal is taken using the outer detector and a suitable 
camera length (a suitable camera length for the Philips CM20 MDPC detector is 
between 17 and 20m) the detector response function acts as a filter, filtering out small 
scale structures in the image. Since the magnetic microstructure is normally at a 
substantially larger scale than the physical microstructure, the magnetic information in 
the final image is enhanced relative to the physical information. If the magnetic and 
physical microstructures are on the same, or similar scale as each other the effect of the 
modified detector response function is much reduced, and standard DPC imaging is 
often more effective.
2.5 Magnetometry.
In addition to the transmission electron microscope I used two different 
magnetometers to characterise some of my samples: A vibrating sample magnetometer 
(VSM) at the University of Twente, in the Netherlands, and an alternating gradient 
force magnetometer (AGFM) at the University College of North Wales at Bangor.
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The measurement of a M vs. H loop on a VSM is based on the principle that a moving 
magnetic system will induce a current in coils placed around it. This current is 
proportional to the component of the magnetisation perpendicular to the coils. 
Experimentally the sample is held in a fixed position, between the poles of an 
electromagnet, so that either in plane or perpendicular to the plane components can be 
measured. The sample is then vibrated at a chosen frequency, and the field at the 
sample is varied using the electromagnet.
An AGFM is a type of magnetometer with a sensitivity of up to 10'u emu, although the 
machine I used had a sensitivity of 2x l0 '8emu. This is still *1000 times more sensitive 
than a typical VSM. To measure a M vs. H loop on an AGFM, the sample is held still 
between the poles of an electromagnet, supported on a cantilever which incorporates a 
piezoelectric element. As well as the field from the electromagnet, the sample is 
exposed to a small alternating field gradient (I used a field gradient of lOe/mm). This 
gradient leads to an alternating force on the sample which is proportional to the field 
gradient and the magnetic moment of the sample. The forces on the sample are 
detected by the electric output of the piezoelectric element. The frequency of the 
alternating gradient is also tuned to the resonant frequency of the sample support. This 
greatly increases the sensitivity of the magnetometer by providing an initial stage of 
amplification. Once the experiment has been completed, the output has to be corrected 
for the diamagnetic contribution of the cantilever itself. As well as being very precise 
this type of magnetometer is quite quick, with an entire M vs.H loop taking only 
*100seconds, where it would take *20 times longer on a VSM.
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As well as recording M vs. H loops, other experiments can be carried out on these 
magnetometers. A typical experiment on a VSM would involve the application of a 
field large enough to saturate the sample, decreasing this field to a value between the 
nucleation and negative saturation fields, then increasing the field back to the field 
which would saturate the sample. The magnetisation of the sample would be recorded 
throughout, and the shape of the resulting loop should indicate whether reversible 
process are involved in the reversal mechansim of the sample at the negative field 
applied, (figure 2.12)
Two additional types of experiments could be carried out on the AGFM: remanence 
curves and time delay sequences. There are two types of remanence curves: isothermal 
remanence curves (IRM) and DC demagnetisation curves (DCD). These curves 
provide direct information on only the irreversible changes which are occuring [9]. To 
obtain these curves, the DC fields which are applied to the sample to change the 
magnetic state are removed before the remanent magnetisation is determined. The 
starting point for an IRM curve is a state of AC demagnetisation and measurements are 
made at increasing fields until saturation is attained (figure 2.13). Saturation is then the 
starting point for a DCD curve, which measures the remanent magnetisation for the 
sample as increasing negative fields are applied (figure 2.13). This continues until 
negative saturation is achieved.
Differentiating the remanence curves yields the irreversible susceptibility. This is 
defined as:
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Figure 2.12: A print out of a VSM experiment on CoNi/Pt multilayers, showing 
the shape of the return path as the field is decreased from a value which does not 
saturate the sample.
M agnetisation
1.50E+00
1.00E+00
IRM curve5.00E-01
0.00E+00
Reverse field (kOe)
-5.00E-01
-1.00E+00 DCD curve
-1.50E+00
Figure 2.13: Undifferentiated remanence curves for CoNi/Pt multilayers in the annealed 
state. The field is reduced to zero before any magnetisation measurement is taken, so 
the reverse field represents the maximum field which the sample has been exposed to at 
that point o f the curve.
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' M '
X ir r  = dH [2.11]
for both the IRM and DCD measurements. The curves obtained from the two 
remanence curves are different due to the variation in the initial configuration of the 
magnetisation. For the IRM case, existing domains are altered by domain wall 
processes. Hence the % i n - ( H )  curve measures the distribution of energy barriers to these 
domain wall processes. For the DCD case, where the process starts with the material 
already saturated, the differentiated remanence curve measures the energy barrier for 
domain nucleation and then the mechanism by which reversal proceeds [9].
The second type of experiment that can be done on the AGFM is the measurement of 
time dependent effects. All magnetic materials which exhibit hysteresis effects also 
exhibit time dependent effects. This time dependence arises from thermally activated 
transitions over energy barriers, one measure of which is given by %irr- The time 
dependent behaviour is measured by saturating the sample, then applying a succession 
of negative fields. After each negative field is applied, the magnetisation is measured 
for a period of time as the field is held constant (I used 900 seconds), then the film is 
saturated again and a new negative field is applied. The shape of the magnetisation 
against log(time) plots is intrinsically related to the energy barrier distribution [10]. 
Narrow energy barrier distributions tend to produce non-linear plots, whilst broad 
energy distributions produce linear plots against log(time). These experiments would 
be impractical on the VSM due to the long acquisition times.
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3.0 Introduction
Studies of modem high performance magnetic media in the TEM start with the 
imaging of the basic magnetic and physical microstructure. This is done using the 
standard methods described in chapter two. To gain further information on these 
samples as future high performance magnetic media, they are imaged in the presence 
of magnetic fields up to 35000e. These magnetic fields can be controlled to study 
either the in-plane or perpendicular magnetisation processes.
3.1 Initial studies
Initial studies were carried out on all samples to reveal their microstructural properties 
and to obtain basic information on the kind of micromagnetic structure they supported. 
These studies were carried out on the JEOL 2000FX CTEM. To establish the physical 
microstructure, bright field images, dark field images and diffraction patterns, with the 
plane of the sample perpendicular to the electron beam and tilted to 20° from 
perpendicular to the electron beam, were taken. The basic micromagnetic structure of 
each sample was established by employing Fresnel and Foucault imaging modes to 
take images of the samples in the as-supplied and AC demagnetised state.
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3.1.1 Diffraction patterns
Diffraction patterns were taken with a camera length of 108cm. This camera length 
was calibrated using a standard sample and allowed most of the diffraction rings to be 
recorded but on a large enough scale so that ring diameters could be measured 
accurately to allow analysis of the pattern. Since diffraction patterns were taken with 
the sample lying both perpendicular and 20° from perpendicular to the electron beam 
the diffraction patterns could be used not only to establish the crystallite structure in 
the standard way but also to establish any preferred crystalline orientations (texturing). 
The diffraction patterns for a sample with texturing show extra rings, or rings breaking 
up, away from the tilt axis on the tilted diffraction pattern (figure 3.1). These are due 
to crystal planes which could not satisfy diffraction conditions with the electron beam 
perpendicular to the specimen but satisfy the conditions for diffraction as the sample is 
tilted or vice versa.
3.1.2 Bright and dark field images
Bright and dark field images were taken with a magnification of 125,000x. The 
magnification was again calibrated using a standard sample. These images were used 
to calculate the average crystallite grain size and to observe directly whether any 
crystallite clustering is present. Crystallite clustering occurs when neighbouring 
crystallites tend to have similar crystalline orientations and show up on the images as 
groups of crystallites with the same diffraction contrast in both bright and dark field 
images (figure 3.2). Crystallite clustering has been seen to have an effect on the 
magnetic properties of alloys such as CoPt [1]. A combination of both bright and dark
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Figure 3.1: Diffraction patterns of the same sample both with sample lying flat, and tilted to 
an angle of 20°, showing the appearance of extra lines and disappearance of lines off the tilt 
axis as the sample is tilted
C luster
80nm
Figure 3.2: bright field (a) and dark field (b) images of the same area of a CoPt sample 
showing clustering.
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field imaging was used since small features such as individual crystallites are more 
easily discemable on dark field images whereas larger features such as clusterring 
show up better on the bright field images.
3.1.3 Initial magnetic imaging
Magnetic images of the sample as it was received (without exposure to any external 
magnetic fields) were taken as a reference.
To image the magnetic microstructure of samples there must be a component of 
induction perpendicular to the electron beam. For samples with perpendicular 
magnetisation this required that the samples be tilted; a tilt angle of 20° was usually 
used in this work.
The AC-demagnetised state of all of the samples was achieved by spinning the sample 
rapidly about an axis perpendicular to the plane of the sample in a field of lOOOOOe 
and then reducing this field over a period of several seconds. This produces a 
qualitatively reproducible magnetic state which can be used to get an indication of the 
characteristic micromagnetic feature size of each sample. The feature size was 
measured from images recorded using the Foucault imaging mode, measuring 
perpendicular to the mapping direction. Fresnel images of samples in the demagnetised 
state were used to indicate any in plane anisotropy within the sample. This would be 
evident as the domain walls would tend to point in a particular direction, indicating the 
anisotropy.
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3.2 Applying a field to the sample
The AC demagnetised state is a qualitatively reproducible state which gives 
information on the steady state micromagnetic structure; however many applications of 
modem magnetic materials require the material to be exposed to a changing external 
field. Magnetic fields are generated in the electron lenses of electron microscopes, and 
in most microscopes the objective lens field would be too large in the region of the 
specimen, destroying the magnetic state of the sample. The Philips CM20 at the 
University of Glasgow has been modified in such a way that the field to which the 
sample is exposed can be controlled by the user while still maintaining the imaging 
conditions.
Two additional (Lorentz) lenses above and below the main objective lens, as described 
in chapter 2, can take over the function of the objective lens to provide near field free 
imaging (field < lOOe). Alternatively the two Lorentz lenses may be used in 
conjunction with the objective lens to image the sample in a controlled vertical field 
provided by the objective lens.
This vertical field may be applied directly to a sample with perpendicular 
magnetisation. The strength of the field can be changed over a small range by tilting 
the sample, but for most experiments the strength of the field must be changed by 
altering the excitation of the objective lens. This requirement to change the objective 
lens setting, and hence the defocus value, means that only the Fresnel mode of Lorentz 
microscopy is practical for imaging experiments on samples magnetised out of plane.
41
Chapter 3: TEM setup and considerations
For samples with in-plane magnetisation a component of the vertical field is 
introduced into the plane of the sample by tilting it away from the initial horizontal 
position (figure 3.3). Since the sample can be tilted in both a positive and negative 
sense, this method can be used to expose the film to large (up to »25000e) positive 
and negative in-plane components without changing the settings of the lenses. These 
constant lens conditions allow the Lorentz imaging modes: Fresnel, Foucault, low 
angle diffraction, differential phase contrast and modified differential phase contrast to 
be performed while the sample is being exposed to a changing external field.
The effect of the out of plane component of the magnetic field on the sample must be 
considered [2]. Any effect of this component of the field will be opposed by the out of 
plane demagnetising field. The demagnetising field is the field produced by the surface 
charge distribution on the surface of a magnetised body. This demagnetising field is 
given by the equation:
where Hd is the demagnetising field, N is the demagnetising factor and Is is the 
intensity of magnetisation. The demagnetising factor is a property of the shape of the 
object and changes for different directions within an object. For simple shapes 
however the demagnetising factors for the three main spatial axes add up to unity, ie.:
[3.1]
N x + N y + N Z = 1 [3.2]
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In plane field = HsinG In plane field = zero In plane field -  -HsinG 
The electron beam is parallel to H
Figure 3.3: Schematic showing how the in-plane field component is changed by 
tilting the sample.
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In general the demagnetising factor is not simple to calculate since even uniform 
distributions of magnetisation will result in non-uniform demagnetising fields, which 
will in turn result in non-uniform distributions of magnetisation. Only in the case of an 
ellipsoid is it possible to calculate the demagnetising factor.
By assuming that a thin film can be approximated by an oblate spheroid with the short 
axis equal to the thickness of the film («30nm) and the two long sixes approximating 
the in plane dimensions of the film (»2mm) the demagnetising factor along the two in­
plane axes are given by:
where lx, ly and lz are the dimensions of the film with lz being the thickness of the film. 
For a typical film described above these equations give a demagnetising factor of 
0.000012 in the in-plane directions, and 0.99998 in the out-of-plane direction. By 
putting this value into equation 3.1, this gives an out of plane demagnetising field for 
example for the cobalt platinum alloys studied in chapter six of ~100000e. Since the 
largest out of plane component of the field will be 35000e this can be ignored since 
any effect will be cancelled out by the demagnetising field, assuming there is no 
perpendicular or oblique anisotropy.
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3.3 Experimental procedure
3.3.1 Magnetisation experiments on in-plane media
In a typical experiment for this type of media the objective lens would be excited to a 
value of 35000e and the sample would be tilted between angles of ±40°. This is 
equivalent to exposing the sample to an in-plane field cycle of ±2250Oe. This field is 
sufficient to saturate all the samples reported here. For samples with lower coercivities 
the vertical field would be reduced to reduce the sensitivity of the magnetic state to the 
tilt angle.
As no single imaging technique can provide a full picture of what is happening in the 
complex media of interest for magnetic recording, it is advantageous if a number of 
modes are used. Here Fresnel and Foucault modes of Lorentz imaging as well as low 
angle diffraction (LAD) have been successfully implemented to extract information on 
the magnetic characteristics of the materials being studied.
Since Fresnel imaging is the simplest mode to implement, it was used first to establish 
the ideal objective lens excitation (applied vertical field). This mode was also useful in 
the identification of large angle domain walls since Fresnel contrast results wherever 
there are changes in the magnetic induction vector. The Fresnel mode was 
implemented by setting up the microscope in standard field free magnetic imaging then 
turning on the objective lens to the excitation required. Although the objective lens is 
already providing some defocus, this is optimised by adjusting the lower Lorentz lens 
excitation.
44
Chapter 3: TEM setup and considerations
Once the objective lens conditions had been established, Foucault mode was used to 
obtain images of the micromagnetic structure. By mapping the Foucault contrast in the 
same direction as the field, the areas which had reversed and those which were 
unchanged were highlighted. During a typical experiment the contrast would change 
from all light to all dark, or vice versa, as the magnetisation moved from being aligned 
with the original field to being aligned against it. The Foucault mode was implemented 
by aligning the microscope in the magnetic imaging mode but with the upper Lorentz 
lens switched off. The objective lens would then be switched on to the desired value 
and any further focusing would then be done using the lower Lorentz lens. The 
objective aperture would then be positioned in the diffraction plane so as to cut off part 
of the central electron beam as in normal Foucault imaging mode. It must be noted that 
since the focusing centre of the objective lens system has been changed by switching 
off the upper Lorentz lens and exciting the main objective lens that any magnification 
values given by normal settings of the microscope would have to be ignored, and any 
scale information would be calculated by imaging a standard sample under the same 
conditions. Results for these experiments are shown in chapters four and six.
For the Fresnel experiments I used spot size 3, and gun lens 3 with the second smallest 
condenser aperture (50pm across) to provide the illumination. However for the 
Foucault imaging gun lens 5 was used, as the use of a larger spot size, gun lens or 
condensor aperture tended to deteriorate the spot to an extent that Foucault imaging 
was impossible, especially when the objective lens was excited above around 1000mA. 
The nominal magnification selected on the microscope would depend on the field of 
view required, but for most of the results shown it was 660x.
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3.3.2 Perpendicular media magnetisation experiments
Since the magnetic field from the objective lens already has a component in the 
direction that we want to apply it, the strength of the apparent field at the sample can 
be altered by simply changing the strength of the objective lens. Changing the strength 
of the objective lens has the additional effect of changing the defocus setting of the 
microscope. This means that only the Fresnel imaging mode, which is least sensitive to 
the defocus of the microscope, is practical for implementation on these specimens. In a 
typical magnetisation experiment on these samples the microscope would be aligned 
with the objective lens switched on to a moderate excitation within the range of the 
field values expected to be applied. The sample would then be tilted to an angle to the 
electron beam to introduce a component of the magnetisation perpendicular to the 
electron beam. The objective lens field would then be used to take the sample through 
its magnetisation cycle, but since all the perpendicular samples reported in this thesis 
have 100% remanence, the applied field would only have to be increased from zero 
once the sample had been magnetised in the opposite direction by reversing the sense 
of the objective lens and turning it up to full excitation. As the field is increased, 
another effect of increasing the objective lens strength is to change the magnification 
of the image, this was minimised by adjusting the condensor lens strength. Results for 
these types of experiments are shown in chapter five.
For these types of experiments the second largest condenser aperture was used (100pm 
across) along with spot size 2 and gun lens 3. This provided enough lens current to see 
through the relatively thick CoNi/Pt specimens without deteriorating the spot. The
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lower Lorentz lens was set at a current of around 1000mA to provide the defocus and a 
nominal magnification of 500x was sufficient for most samples.
3.3.3 Time dependent experiments on perpendicular media
Time dependent experiments on perpendicular media are just a slight modification of 
the magnetisation experiments. The microscope and sample would be set up and the 
sample saturated as before. The tilt of the sample would then be increased to 40° to 
reduce the component of the field in the perpendicular direction and the reverse field 
would be increased to the desired value. The recording apparatus, and stopwatch 
would then be activated, and the tilt angle would be reduced to the experimental value 
(*20°). This would have the effect of rapidly, and reliably increasing the field to the 
desired value for the experiment. Images of the micromagnetic structure would then be 
recorded over a period of time (see section 3.4).
3.3.4 Recording the results
The experimental results were recorded on each of the low light level TV camera and 
the slow scan CCD camera described in chapter 2. The results recorded on the TV 
camera allowed the dynamics of the magnetisation, or time dependent processes to be 
recorded, however the individual frames were too noisy to allow accurate analysis. 
This method of recording was invaluable in the study of the time dependent processes, 
especially where large changes occurred over a short period of time. Care would have 
to be taken when interpreting the Foucault images since the automatic light level
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adjuster on the TV camera would tend to reduce the contrast change as the sample 
changed from saturation in the original direction to being fully reversed.
The images recorded on the slow scan CCD camera were recorded over a period of 
0.25s; this was generally short enough to capture a single micromagnetic state with a 
sufficient signal to noise ratio for analysis. Images of stages throughout the 
magnetisation process were recorded with the field held steady during the recording 
process; however images of time dependent phenomena were normally recorded at 
fixed time intervals which were computer controlled. Unfortunately if the time 
intervals required between each image were less than five seconds, the computer 
controlled recording software could not record and save the images fast enough. In this 
case the images would be recorded manually by “freezing” the micromagnetic state 
while the image was being recorded. The micromagnetic state was frozen by 
increasing the tilt of the specimen to *40° to reduce the component of the field 
perpendicular to the sample. The elapsed time for the experiment would be taken as 
the time the sample was exposed to the higher field value. This method of freezing the 
micromagnetic state appeared to work as during the experiment no changes in the 
micromagnetic structure were observed once the tilt was at its higher value. Results for 
this type of experiment are shown in chapter five.
3.4 Discussion
As the requirement for high performance magnetic materials is increased, especially in 
the high-technology industries, there will be a greater need to fully understand the 
magnetic properties of the materials. Magnetometers such as vibrating sample
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magnetometers (VSMs) and alternating gradient force magnetometers (AGFMs) can 
provide useful information on the bulk properties of the materials in the presence of 
changing conditions such as magnetic field, temperature and pressure. However these 
instruments are limited to bulk measurements, and any micromagnetic conclusions 
from these machines are inferred from the results rather than being observed directly. 
Optical microscopes and imaging techniques have the ability to image the sample in 
the presence of a field, however these methods are limited in their resolution due to the 
wavelength of light and are unable to observe the magnetic features present in the 
modem high density recording media. Magnetic force microscopy (MFM) also has 
problems with the resolution achievable, although the resolution is improving, and has 
recently been reported as 50nm with modem tips. MFM also has the demonstrated 
ability to image the sample in the presence of magnetic fields, however this type of 
imaging has the problem that the magnetic tip on the cantilever of the MFM can 
interact with the magnetic domains on the sample, and in some cases this may cause 
changes in the micromagnetic structure.
Only the methods outlined in this chapter have the demonstrated ability to image the 
micromagnetic structure with sufficient resolution for modem magnetic materials, in 
the presence of substantial magnetic fields (35000e perpendicular to the sample and 
25000e in the plane of the sample). Such studies will be vital for future materials if 
their properties are to be fully understood and hence tailored for specific requirements. 
This will avoid the need for the “educated try and see” type method of finding future 
high performance magnetic materials that appears to be prevalent today.
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4.0 Introduction
Giant magnetoresistance (GMR) and the uses for GMR media have been described in 
chapter one. In this chapter I present the results of TEM experiments carried out on GMR 
media with reduced hysteresis and improved sensitivity. All the systems I have been 
studying are based on Co/Cu multilayers and are intended for use as absolute position 
sensors. This work was carried out in conjunction with H.Holloway and D.J.Kubinski at 
the Ford Research Labaratory in Michigan, USA. The samples were deposited by 
D.J.Kubinski.
4.1 Giant magnetoresistance in Co/Cu multilayers
The giant magnetoresistance effect in Co/Cu multilayers arises from the spin dependent 
scattering of electrons at the boundaries between the cobalt and copper layers [1]. GMR 
materials can be used as magnetic field sensors and in particular read heads on magnetic 
storage devices and position sensors [2]. The materials investigated in this chapter are 
intended for use as position sensors. The main requirement for absolute position sensors 
is that the output signal they produce is unambiguous. For this to be the case, this signal 
has to be indepedent of the sensor’s magnetic history. This requires that there is
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negligable hysteresis in the magnetoresistive response. In addition the percentage change 
in resistance per unit of applied field should remain as high as possible as this is a 
measure of the sensitivity.
It is well established that the MR signal oscillates as a function of the copper thickness in 
Co/Cu multilayers, with the optimum values being 0.9 and 2.0nm. These thicknesses 
correspond to the first and second maxima in antiferromagnetic (AFM) coupling 
respectively [3] [4]. For applications such as absolute position sensors, Co/Cu multilayers 
with a copper thickness corresponding to the first AFM maximum (0.9nm) can be used as 
there is little hysteresis, however the sensitivity of the response is reduced. Alternatively 
Co/Cu multilayers with a copper thickness corresponding to the second AFM maximum 
(2.0nm) can be used as the sensitivity is greater. These media however suffer from a 
prohibitively large amount of hysteresis in the magnetoresistive response. Two 
approaches which have been developed to improve the performance of these media are: 
(i) improve the sensitivity of Co/Cu multilayers at the first AFM maximum, (ii) reduce 
the magnetoresistive hysteresis of multilayers at the second AFM maximum.
(i) Increasing the sensitivity of multilayers at the first AFM  maximum
Several compositions have been attempted to achieve this, in this chapter the use of 
multilayers with some cobalt layers having a cobalt thicknesses of 3.0nm rather than the 
more usual 1.5nm are considered. This approach arises from the assumption that the 
magnetic torque on the cobalt layers (and thus the width of the response) is proportional 
to the cobalt thickness [5]. Accompanying this it would also be expected that there would
52
Chapter 4: TEM investigations of giant magnetoresistive sensing media
be a decrease in the magnetoresistive response since the boundaries of the layers (where 
the spin dependent scatering originates) will make up a smaller percentage of the 
multilayer. For this reason a compromise thickness will have to be found which has the 
greatest sensitivity. Previous studies have shown this thickness to be 3.0nm [5]. In this 
chapter samples with alternating 1.0 and 3.0nm cobalt layer thicknesses are compared 
with ones with 2.0nm thick cobalt layers.
(ii) Reducing the hysteresis at the second AFM  maximum
Several approaches have been tried out to achieve this. Amongst them are the use of very 
thin cobalt layers (tco<0.5nm) [6] [7], and the use of cobalt copper alloys in the magnetic 
layer [8]. Previous studies have shown that multilayers with cobalt layers in the range 0.3 
to 0.5nm show greatly reduced hysteresis, but coupled with this is a loss in sensitivity [6]. 
The samples examined in this chapter have alternating thick and thin layers in an attempt 
to increase the sensitivity while the hysteresis is kept low. I will compare two samples 
with slightly different thicknesses of thin layers alternated with thick layers. The layer 
thickness over which the multilayers exhibit this reduced hysteresis however is very 
narrow, which would make the manufacturing process costly, so a second approach was 
developed. This second approach arises from an NMR study [9] which showed that the 
cobalt copper interface between layers in samples at the second AFM maximum with very 
thin cobalt layers which showed low hysteresis extended over a range of about 0.5nm and 
consisted of an alloy with the composition Coo.6 Cuo.4 - The assumption was that co­
deposition of cobalt and copper in the magnetic layer would favour the formation of this
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layer and hence reduce the hysteresis. In this chapter a sample with 0.9nm thick cobalt 
copper alloy layers is considered.
4.2 Structural studies of GMR media based on Co/Cu multilayers
The samples studied in this chapter are listed in table 4.1, along with a note of which 
AFM maximum the multilayer corresponds to.
Sample Composition
A332 [0.32Co/2.0Cu/l .5Co/2.0Cu]io 2nd AFM
A333 [0.42Co/2.0Cu/l .5Co/2.0Cu]io 2nd AFM
A337 [0.9CoCu/2.0Cu]20 2nd AFM
A358 [3,0Co/0.9Cu/1.0Co/0.9Cu] io 1st AFM
A359 [2.0Co/0.9Cu]20 1st AFM
A338 [3.0Co/0.9Cu] i6 1st AFM
Table 4.1: The samples studied in this chapter.
Each of the samples were deposited onto a 7.5nm thick Ruthenium buffer layer. The 
GMR loops for these samples were recorded by H.Holloway and D.Kubinski, and are 
shown in figure 4.1.
Bright and dark field imaging together with electron diffraction were used to determine 
the structure of the samples. The bright and dark field images (figure 4.2) show that all
54
MR(H) %
15
10
5
0
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
H (kOe)
Figure 4.1a: GMR loop for sample A332. The solid line represents the forward scan 
and the dotted line represents the return scan.
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Figure 4. If: GMR loop for sample A338.
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Figure 4.2a: Bright field image of sample A332
Figure 4.2b: D ark field image o f sam ple A332
80nm
Figure 4.2d: Dark field image o f sam ple A333
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figure 4.2f: Dark field image o f sam ple A337
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Figure 4.2h: Dark field image o f sam ple A358
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Figure 4.2k: Bright field image of sample A338
Figure 4.21: Dark field image o f sample A338
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the samples were micropolycrystalline. Grain sizes varied over the range 5-30nm. There 
is no discernible difference between the specimens and it would be impossible to 
distinguish them on the basis of this set of images.
Diffraction patterns were recorded with the specimen plane (i) normal to the electron 
beam and (ii) inclined at an angle of 30° (figure 4.3). No significant differences were 
observed between the tilted and untilted patterns. In particular rings of uniform 
circumferential intensity were observed on all occasions. Hence no evidence at all is seen 
for texture in the films and a 3D-random distribution of crystallites orientations is a 
reasonable first approximation. However, the ring patterns recorded from the different 
samples did differ. To help with the analysis we show diffraction patterns (computed 
using DIFFRACT) for hep Ru, fee Cu, fee Co and hep Co are shown (figure 4.4) as well 
as the diffraction ring radii (in arbitrary units) for each of the above (table 4.2). Ru and Cu 
will always, under standard conditions, be found as hep and fee respectively whilst Co 
has been observed in a number of forms dependent on its thickness and the conditions 
under which it was deposited. It should also be noted that the inter-atomic spacings of fee 
Cu and fee Co are essentially indistinguishable using standard electron diffraction 
techniques.
It is instructive to examine diffraction patterns from A332 and A338 initially (figure 4.5); 
the former has the lowest Co content and the latter the greatest. All lines in the diffraction 
pattern for A332 can be fitted to hep Ru and fee Co/Cu. In particular, strong reflections 
such as Co (011 1), which would not overlap with any Ru or Cu lines, appear to be
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Figure 4.3 a and b: Diffraction patterns for sample A332 both tilted (a) and untilted (b)
Figure 4.3 c and d: Diffraction patterns for sample A333 both tilted (c) and untilted (d)
Figure 4.3 e and f: Diffraction patterns for sample A337 both tilted (e) and untilted (f)
Figure 4.3 g and h: Diffraction patterns for sample A358 both tilted (g) and untilted (h)
Figure 4.3 i and j: Diffraction patterns for sample A359 both tilted (i) and untilted (j)
Figure 4.3 k and 1: Diffraction patterns for sample A338 both tilted (k) and untilted (1)
(224)
(133)
(022)
(111)
(002)
(113)
(024)
Figure 4.4a: The diffraction pattern for FCC cobalt calculated using DIFFRACT.
(ll20)
(1122)
Figure 4.4b: The diffraction pattern for HCP cobalt calculated using DIFFRACT
(224)
(133)
(022)
(111)
(002)
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(024)
Figure 4.4c: The diffraction pattern for FCC copper calculated using DIFFRACT
(022l) 
• (0113)
(01I2)
(om)
(0110)
(0002)
(1120)
(1122)
Figure 4.4d: The diffraction pattern for HCP ruthenium calculated using DIFFRACT
Ruthenium HCP Copper FCC Cobalt FCC_______ Cobalt HCP Radius
(0110) 5.13
(0110) 5.52
(0002) 5.61
(111) 5.76
(0111) (111) 5.85
(0002) 5.9
(0111) 6.26
(002) 6.65
(002) 6.76
(0112) 7.6
(0112) 8.08
(1120) 8.82
(022) 9.4
(022) (1120) 9.56
(0113) 9.85
(1122) (0113) 10.43
(0 2 2 1 ) 10.6
(113) 11.02
(113) 11.21
(1122) 11.23
(0221) 11.4
(222) 11.52
(0222) 11.65
(222) 11.71
(0114) _ 12.33
(0222) 12.45
(0114) 13.03
(0223) 13.27
(004) 13.3
(004) 13.52
(1230) 13.55
(1231) _ 13.9
(0223) 14.15
(1124) 14.31
(133) _ 14.49
(1230) 14.61
(1232) 14.65
(133) 14.73
(024) 14.87
(12 31) 14.9
Table 4.2: Diffraction ring radii for Co/Cu multilayers in arbitrary units
f l \ 2 2 ) R u  
(l 120 )Ru
------------  (0112)Ru
(0002)Ru
(004) C o ,(004) Cm
  (133)C o, (133)Cm
  (024) C o , (024)Cm
Figure 4.5a:Indexed diffraction pattern for sample A332
( l l l ) C o ,  (01I i )/?m,(111)C m 
(002)C o , (002)Cm
(022)C o , (022)Cm
(1 13)C o, (1 13)Cm 
 ----------------  (222)Co ,(222)Cm
(0113)C o,(ll22)«« 
(ll20)«u
(oiIo)«u
(0112 )Ru 
( o i  lo) C o , (0 0 0 2 ) /? m
(133)C o, (133)Cm 
(024)C o, (024)Cm
(0002)Co, ( l l l ) C o ,  (0111)/?m,(111)Cm 
(002) Co , (002) Cm
(022)C o , (022)Cm
(1 13)Co , (1 13)Cm 
1       (222)Co , (222)Cm
Figure 4.5b: Indexed diffraction pattern for sample A338
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absent. By contrast the diffraction pattern from A338 does show a line where the Co 
(Oi l  1) reflection is expected but it is only weak. Furthermore, the lines associated with 
the fee Co/Cu systems are still present and are the strongest rings.
The diffraction patterns from A333 and A337 (where Co layers never exceed 2.0nm) are 
similar to that of A332. Indeed that from A337 is in many ways the clearest diffraction 
pattern and there is no sign of rings whatsoever in positions appropriate to hep Co. 
Diffraction patterns from A358 and A359 more closely resemble that from A338 with at 
least a suggestion of a ring at the expected position of the hep Co (0111) reflection.
The results suggest that Co layers of thickness <2.0nm are predominantly fee in structure 
and only beyond that thickness does hep start to emerge. Even then, up to 3.0nm, the ring 
intensities suggest that fee remains the dominant phase.
4.3 Magnetic studies of Co/Cu multilayers
Sample A338 was only studied structurally. Foucault images were recorded for each of 
the other specimens in its as-received state, i.e. before the sample was subjected by me to 
a magnetic field. In all cases magnetic contrast could be seen (figure 4.6) although in the 
case of A337 (with low Co content) it was very low. Magnetic contrast from samples 
A332 and A333 suggested a rather isotropic structure whilst strong directionality was 
apparent in A337, A358 and A359. These samples were then taken through their 
magnetisation cycles while being imaged in the Fresnel mode of Lorentz microscopy. The
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Figure 4.6: Foucault images of the samples in the as received state.
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magnetisation sequences were recorded on the low light level TV camera. It is not 
possible to display these sequences here but upon repeated examination the basic reversal 
mechanism of the sample could be determined. More detailed examination of the reversal 
mechanism is deferred until later when CCD images of the reversal mechanism are 
discussed. (It should be noted that at no time during these sequences or during the 
following investigations were the samples exposed to a field which would definitely be 
high enough to saturate them.) The reversal mechanism appeared to be as follows:
(i) the orientation of the field is important in determining the detailed magnetisation 
reversal process and this may relate to hysteresis in the MR, especially when the 
specimens are only subjected to a limited field range (minor loops).
(ii) the behaviour of films at the first and second AFMs are quite different and A337 also 
differs significantly from A332 and A333. There appear to be instances where well- 
defined walls run throughout the thickness of the multilayer stack which are involved in 
the reversal (seen in A358 and A359), instances where low contrast walls which we 
assume only exist in a few layers (the peripheral ones?) appear part way through a 
reversal process that otherwise occurs predominantly by rotation (seen in A337) and 
instances where complex small scale structures but no well defined walls are observed 
(seen in A332 and A333). The directionality observed in the as-received state in A358, 
A359 and A337 seems to be important, however, the origin of this uniaxial anisotropy is 
unknown. Following these results, some of the samples were studied more closely, using
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the Fresnel and DPC modes of Lorentz microscopy along with low angle diffraction. The 
images were recorded using the slow scan CCD camera.
The domain patterns which had been observed for samples A332 and A333 were similar 
to those observed for other Co/Cu multilayers [10]. The samples which for this reason 
have been studied in greatest detail are A358 and A359 where the Cu thickness is close to 
the first AFM and the alloy sample A337 (with Cu thickness close to the second AFM). 
In a typical experiment a specimen tilted through 30° is subjected to a large vertical field 
by exciting the objective lens to its maximum value (~6kOe). The field is then reduced to 
a lower value, 350Oe, and the tilt angle is slowly changed until the specimen is inclined at 
an angle of -30°. Hence the in-plane component of field to which the sample is subjected 
varies from +1750e to -1750e. This is a much smaller range of magnetic field than is 
required to observe saturation in the MR signal as seen in figure 4.1. Nonetheless, as the 
images show, much of the magnetisation reversal takes place over this range and what 
happens beyond is simply that the angle between the magnetisation vectors in alternate 
layers reduces steadily. Justification for this statement is given later.
It is important to recognise that for all transmission imaging and diffraction techniques 
the imaging conditions are sensitive to the magnetic induction component perpendicular 
to the electron beam and integrated along an electron trajectory. Thus contributions from 
individual layers in the multilayer stack can never be separated but variations in the 
averaged induction component orthogonal to the electron beam are seen. It follows that
58
Chapter 4: TEM investigations of giant magnetoresistive sensing media
for a sample with perfect AF coupling the resultant deflection of the electron beam would 
always be zero and no magnetic contrast would ever be observed.
For each of the Fresnel sequences shown the ripple direction is perpendicular to the 
average magnetisation direction. In this way, magnetisation rotation is revealed by the 
rotation of the ripple direction. The strength of the ripple contrast indicates the degree to 
which the average magnetisation direction changes between neighbouring crystallites, 
with larger changes being indicated by ripple with larger contrast. Domain walls are 
represented by continuous dark or light lines.
The magnetic structures in samples A358 and A359 show a pronounced directionality 
along the applied field direction. This was noted previously when images were recorded 
in the as-grown state (that is, before the specimen was subjected to an applied field) and 
is confirmed in the experiments recorded here. Figures 4.7 and 4.8 show sequences of 
Fresnel images for sample A359. In the former case, the field was applied parallel to the 
easy axis (judged as being perpendicular to the ripple direction observed in the remanent 
state) whilst in the second case the field was applied parallel to the hard axis. In figure 4.7 
ripple is apparent through much of the sequence; it intensified somewhat as the field was 
reduced and at a field of *-10 Oe a single domain wall, approximately parallel to the 
applied field direction, ran across the field of view. Thereafter the intensity of 
magnetisation ripple decreased monotonically.
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Figure 4.7: Fresnel images of sample A359 with field applied along easy axis. A 
domain wall can be seen at -90e  and -120e.
Field direction: y ' 4|am: <— ►
lOOOe
» m f«
Figure 4.7(cont.): Fresnel images of sample A359 with field applied along easy axis. 
Field direction: 4pm: <— ►
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When a field applied parallel to the hard axis was reduced, ripple contrast again increased 
but the ripple also began to rotate. The images (figure 4.8) show that in different areas of 
the film rotation of the magnetisation ripple occurred in different senses leading to the 
formation of a number of low angle domain walls. As the field passed through zero and 
increased in the negative sense the wall angle increased until the ripple was perpendicular 
to the walls and, indeed, to the initial direction of the ripple. Further increase in negative 
field gave rise to little wall motion but there was a gradual decrease in wall angle with 
ripple eventually returning to lie parallel to its original direction. Figure 4.9 shows a 
corresponding series of low angle diffraction patterns. Initially a single near-circular spot 
was seen but as the field was reduced this broadened into an arc. The arc extended as the 
field changed sign with a notable increase in electron intensity at the extremities of the arc 
and diminution of intensity at the centre. At a field of *-20 Oe, the intensity distribution 
changed rapidly with a downwardly-directed arc turning to an upwardly-directed arc. As 
the negative field was increased the intensity towards the centre of the arc also grew 
whilst the overall arc length shrank until once again a single undispersed spot was 
observed. It should be noted that the position of the undeflected spot was not reliably 
known due to slight electronic drifts within the microscope. The results of the imaging 
and diffraction experiments are clearly consistent. Increase in the intensity of 
magnetisation ripple is accompanied by increased spreading of the central diffraction spot 
whilst rotation of magnetisation ripple is associated with rotation of the averaged 
component of induction orthogonal to the electron beam. Fuller analysis of these results is 
deferred to the next section.
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Figure 4.8: Fresnel images of sample A359 with field applied along hard axis. The increase in 
dispersion can be seen which results in the formation of low angle domain walls at 120e.
Field direction: 4 pm: <— ►
lOOOe
Figure 4.8(cont.): Fresnel images of sample A359 with field applied along hard axis. The 
decrease of the domain wall contrast as the magnetisation rotates round to the field direction 
can be seen from -240e onwards.
450e
Field direction:
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Figure 4.9: Low angle diffraction patterns of sample A359 with field applied along hard 
axis. The increase in dispersion of the spot can be seen up to 30e, where the spot splits 
as the magnetisation rotates round in two different senses.
Figure 4.9(cont.): Low angle diffraction patterns of sample A359 with field applied 
along hard axis. The dispersion of the spot decreases until the average magnetisation is 
aligned with the field at -170Oe.
Chapter 4: TEM investigations of giant magnetoresistive sensing media
Figures 4.10 and 4.13 show Fresnel sequences for sample A358. With the field applied 
parallel to the easy axis, a wall passed through the sample very rapidly at a field close to 
-16 Oe. This was not captured on the CCD camera although it could be seen on the 
microscope viewing screen and is apparent in the video sequences. It left behind it a 
section of 360° wall (first observed in the image recorded in a field of -17 Oe) which 
decreased in length as the field became increasingly negative and eventually disappeared 
(in this sequence) at a field of «-105 Oe. DPC images (figure 4.11) show more clearly the 
scale of the magnetisation ripple and how it intensified up to the point where the rapid 
switch occurred. That there was a substantial change in the induction component parallel 
to the applied field direction is apparent from the change in average signal level in the 
appropriate images before and after the wall swept through. Confirmation that the 
“residual” wall left behind is a 360° wall is also obtained by noting the similarity of the 
signal levels on either side of it in the DPC images. The low angle diffraction sequence 
(figure 4.12) shows that as the field is reduced the undispersed spot steadily broadened 
into an arc. On one occasion I was fortunate to catch the sample in a partly reversed state 
and here it is possible to discern intensity lying over a substantial fraction of the 
circumference of an approximate circle. The regions of highest intensity were 
diametrically opposed and perpendicular to the applied field direction. Recalling that 
electron deflections due to the Lorentz force are orthogonal to the induction direction, this 
observation is as expected and is consistent with the DPC images. With minimal increase 
in negative field a single arc, now curving downwards rather than upwards, resulted.
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Figure 4.10: Fresnel images of sample A358 with field applied along easy axis. A 
360° wall is formed between -12 and -170e as an unseen domain wall sweeps 
through the sample.
Field direction: 4pm :
lOOOe
llOOe
Figure 4.10(cont.): Fresnel images of sample A358 with field applied along easy axis. 
The 360° wall decreases in contrast as it shrinks in the applied field, and eventually 
disappears from view at -1 lOOe.
Field direction: 4pm: <— ►
Mapping directions:
Figure 4.11: DPC images of sample A358 with field applied along easy axis. The 
increase in dispersion as the switching field is approached can be seen.
field direction: <------► 3.5pm : «-------►
Mapping directions:
4.1 l(cont.): DPC images of sample A358 with field applied along easy axis. Switching 
occurs at -150e. This can be seen by the change in brightness of the right hand image 
and the formation of a 360° wall
field direction: < ► 3.511m:** ►
Mapping directions:
Figure 4.1 l(cont.): DPC images of sample A358 with field applied along easy axis. 
The 360° wall disappears from view between -40 and -70Oe.
field direction: <------► 3.5pm: <------ ►
Bright field image of same area at 
same scale
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Figure 4.12: Low angle diffraction patterns of sample A358 with field applied along 
easy axis. The increase in dispersion of the spot can be seen up until -120e. The 
magnetisation reverses at -130e.
Figure 4.12(cont.): Low angle diffraction patterns of sample A358 with field applied 
along easy axis. The decrease in dispersion of the spot can be seen as the average 
magnetisation direction aligns with the field as the field increases.
•40Oe
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Figure 4.13(cont.): Fresnel images of sample A358 with field applied along hard axis. 
The magnetisation is aligned with the field but the dispersion decreases as the 
magnetisation of the individual crystallites becomes aligned with the field.
Field direction: /  4pm: <— ►
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Further increase in negative field led to the arc length decreasing to leave an undistorted 
spot.
When the field was applied parallel to the hard axis (figure 4.13) magnetisation rotation 
was observed and dispersion once more increased. At a small negative field a rapid 
change took place leaving, once again, only magnetisation ripple which rotated until it lay 
approximately perpendicular to the applied field direction. Thereafter only a gradual 
decrease in ripple intensity was observed as the applied field became increasingly 
negative.
Figures 4.14 and 4.15 show Fresnel sequences for sample A337, the former parallel to the 
easy axis and the latter orthogonal to it. Contrast levels in the images are lower 
throughout reflecting the reduced total Co content of this sample. With the field lying 
close to the easy axis, magnetisation ripple intensified and the directionality became much 
less pronounced as the field was reduced to zero. Thereafter there was a monotonic 
decrease in ripple intensity whilst directionality, parallel to the original orientation, was 
re-established. At a field of «-34 Oe, when ripple contrast was already very low, domain 
walls running approximately parallel to the field direction moved through the sample. 
With the field applied parallel to the hard axis, rotation as well as ripple intensification 
was observed. As before, under the influence of a negative field, the ripple attained its 
original orientation and ripple intensity was much reduced when domain walls again 
appeared. In this instance the mean wall direction was approximately perpendicular to the 
applied field and the walls were present over only a small field range close to -70 Oe. A
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Figure 4.14: Fresnel images of sample A337 with field applied along easy axis. 
Magnetisation rotation can be seen between 45 0 e  and -170e.
Field direction: 4pm : *----- ►
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Figure 4.15: Fresnel images of sample A337 with field applied along hard axis. 
Magnetisation rotation can be seen from 40Oe onwards.
Field direction: y ' 4pm : <----- ►
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Figure 4 .15(cont.): Fresnel images of sample A337 with field applied along hard axis. 
There is no magnetisation rotation and domain walls appear at -690e.
Field direction: 4pm : <------►
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low angle diffraction sequence for the hard axis is shown in figure 4.16. The varying 
orientation of the arc associated with the slightly broadened central diffraction spot attests 
to the fact that a component of induction does indeed rotate under the influence of the 
hard axis field. Furthermore the central spot split into two parts when, and only when, the 
domain walls were present in the specimen. I comment on the magnitude of this splitting 
later. The results observed for sample A337 differ markedly from the results of any other 
Co/Cu multilayer with any Cu thickness that I am aware of. It appears that two essentially 
independent reversal processes take place, presumably at different depths within the 
multilayer stack. Furthermore the required field for the process involving domain wall 
motion is substantially higher than that for reversal by magnetisation rotation. Again this 
is not expected a priori and seems most likely to be associated with properties of some 
layers within the stack differing markedly from others.
4.4 Analysis of magnetisation sequences
The analysis of the magnetisation sequences was performed by J.N.Chapman, P.Aitchison 
and myself.
Much of what is happening can be understood by considering an energy function of the 
form shown in equation 4.1.
8 = -Po M H (ti cos 0i + 12 cos 02) - J cos (0i +02) + K (ti sin2 0i + 12 sin2 02) [4.1]
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Figure 4.16: Low angle diffraction patterns of sample A337 with field applied along 
easy axis. Rotation of the dispersed spot can be seen between 3 and -120e. By -250e 
the dispersion has decreased.
Figure 4.16(cont.): Low angle diffraction patterns of sample A337 with field applied 
along easy axis. Splitting of the spot as a domain wall moves through the sample can 
be seen at -lOOOe.
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e is the energy per unit area per bilayer where the thicknesses of the alternating layers are 
ti and t2 , Po is the permeability of free space, M is the magnetisation, H is the applied 
field, J is the interlayer coupling and K is the uniaxial anisotropy constant. 0i and 02 are 
the angles the magnetisation vectors in each layer make with the applied field direction 
(figure 4.17). It is assumed that the bilayer stack is infinite in extent so that the energy per 
bilayer characterises the whole system; thus this model ignores end effects where the first 
and last layers are coupled to only one rather than two neighbouring layers. For a system 
with AF coupling J < 0 and we further restrict our attention to cases where the anisotropy 
axis lies either parallel or orthogonal to the field. For the former case, K > 0 and for the 
latter K < 0.
The orientations of the magnetisation vectors in alternate layers at equilibrium can be 
determined by differentiating equation 4.1 to yield:
Whilst it is possible to solve these equations numerically we can learn a lot by studying 
special cases. We begin by looking at remanent states and take the case where ti = t2  (as 
appropriate for sample A359). Under these conditions equations 4.2 and 4.3 yield sin 20i 
= sin 2 0 2 , the possible solutions to which are:
3e/30i = (ioM H ti sin 0i + J sin (0i +02) + K ti sin 20i = 0 [4.2]
08/302 = Po M H t2  sin 02 + J sin (0i +02) + K t2 sin 202 = 0 [4.3]
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HFigure 4.17: Schematic showing magnetisation vectors and angles as used in the model.
|
I
j
!
Chapter 4: TEM investigations of giant magnetoresistive sensing media
02 =  01 
02 = 7 l -0 i  
02 = 71/2-01
With further recourse to equation 4.2 or 4.3, it can then be shown that energy density 
extrema, and the corresponding values for e, occur as follows:
01 = 0 02 = 0 £ = -J [4.4]
II to
<NIICD £ = J+ 2Kt [4.5]
01 = 71 02 = 71 £ = - J [4.6]
II o II
C
D £ = J [4.7]
01 = 71 02 = 0 £ = J [4.8]
sin 20i = -J/Kt 02 = n/2 - 0i £ = Kt [4.9]
In many ways the most interesting of these is the last one which only occurs if IKtl > 01, 
that is in samples with sufficiently large anisotropy. Furthermore, for such samples and 
the case where K < 0, the state represents a lower energy solution than conditions 4.7 and
4.8. Indeed, as we shall explain shortly we believe we see direct evidence for state 4.9 in 
the images and low angle diffraction sequences of figures 4.8 and 4.9 respectively. Before 
this, however, it is worth exploring the bounds over which state 4.9 exists; we refer to 
these as “weak” and “strong” anisotropy cases.
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Given that Isin 20J < 1, the value that 0i assumes in the “weak” anisotropy limit is 3ti/4 
so that 02 takes the value -ti/4. In the “strong” limit, by contrast, the asymptotic values for 
0i and 02 are id2  and 0 respectively. These two cases are represented schematically in 
figure 4.18. Also shown in figure 4.18 is the resultant magnetisation vector, which is what 
determines the Lorentz deflection angle, and we note that equivalent minima exist on 
either side of the magnetic field direction. Thus if on removal of the magnetic field the 
magnetisation in some parts of the sample rotated clockwise and in other parts 
counterclockwise, we would see two spots in the low angle diffraction pattern, also 
shown in figure 4.18. Expressed in terms of (pGmax the separation of the spots would be 
V2x and lx  for the “weak” and “strong” cases respectively.
Based on the above we now offer an explanation for the observations in figures 4.8 and
4.9. What happens as the field is reduced is shown schematically in figure 4.19. Initially 
the magnetisation in all layers is parallel to the applied field direction. As the field 
strength is reduced, the magnetisation vectors in alternate layers begin to separate and to 
rotate towards the easy axis. Net rotation may be clockwise (figure 4.19a) or 
counterclockwise (figure 4.19b). Given that individual crystallites have their axes 
randomly oriented we expect there to be some dispersion of magnetisation so that instead 
of simply seeing two gradually separating spots in the low angle diffraction patterns, we 
see small circular arcs. At remanence the spots have their maximum separation. Under the 
influence of a negative field we would expect a jump in the magnetisation vectors in the 
two layers for the case of “strong” anisotropy so that the resultant magnetisation vector
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Figure 4.18a:Schematic showing the magnetisation vectors in a zero field for the weak 
anisotropy case. M r  is the resultant magnetisation vector. Right hand diagram shows the 
expected spot splitting from this magnetisation configuration.
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Figure 4.18b: Schematic showing the magnetisation vectors in a zero field for the strong 
anisotropy case.
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Figure 4.19:Schematic showing the magnetisation vectors on alternate layers for weak 
anisotropy case as the field is increased.
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changed its orientation from 7t/4 with respect to the original field direction to 37t/4. For 
the “weak” anisotropy case no such jump would occur as the resultant is already at tu/2 to 
the field direction and the rotation of the resultant should continue smoothly.
The experimental observations are broadly in agreement with the model just described. 
Rotation occurs in different senses in different parts of the film. At a small negative field 
rather than zero, the result of a small amount of hysteresis, both images and low angle 
diffraction patterns attest to the resultant magnetisation vector in different regions of the 
film being anti-parallel. Furthermore, on increasing the field in a negative sense, whilst 
the diffuse intensity in the arcs in the low angle diffraction pattern changes rapidly, no 
large jump in resultant magnetisation direction has been observed. This suggests that our 
films are close to the “weak” anisotropy limit where IKI * IJ/tl. As no anisotropy has been 
introduced deliberately and as the films themselves show no discernible microstructural 
texture, it is more surprising that condition 4.9 is fulfilled at all than that the multilayers 
are towards the “weak” limit.
Based on the above, the predicted separation of the principal spots is V2 (pijmax- Using a 
saturation induction of 1.7T, appropriate for fee Co, the predicted separation is 58 prad 
compared with an experimental measurement of 65 prad. Agreement is thus seen to be 
good. If the saturation induction is underestimated (more reliable measurements on hep 
Co yield 1.8T) the agreement would be even closer. Furthermore, our model is for an 
infinite stack whereas in reality the coupling of the extremal layers of a finite stack is
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weaker and these are more likely to align more closely with the preferred easy axis. 
Hence, the model is likely to underestimate the maximum spot splitting.
For the case where the field is applied parallel to the easy axis (K > 0) condition 4.9 
represents an energy maximum and is of little interest. For this case there is no incentive 
for the resultant magnetisation from a pair of layers to move away from the easy axis 
during the reversal process. Thus the net ripple direction does not change and little of 
interest is seen in the low angle diffraction pattern.
It must be emphasised that a single unsplit spot in the low angle diffraction pattern does 
not imply that the magnetisation vectors in all layers in the multilayer stack are parallel. It 
simply means that the net dispersion is less than the angular divergence of the electron 
beam. Thus substantial angles can still exist between vectors in alternate layers at the 
stage where we no longer see magnetisation ripple nor distorted diffraction spots. To see 
what is happening in this regime through diffraction we would need an absolute reference 
against which to measure the position of the spot. In a continuous film there is no 
convenient intrinsic reference and the absolute position of the spot on the detector is of 
limited use because of small drifts in the microscope electronics.
We now turn our attention to films where ti *  t2 (as appropriate for sample A358). In this 
instance we expect the response to the applied field to be dominated by the thicker layers 
(say ti) and the rapid switch referred to in connection with figures 4.10 to 4.12 seems 
likely to be associated with a near complete reversal of the magnetisation in the these
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layers. With the field applied parallel to the easy axis, the images and diffraction patterns 
suggest that the behaviour of the magnetisation vector in the two layers as a function of 
field is as shown schematically in figure 4.20. From the diffraction pattern with the 
specimen in a partly reversed state, we can determine the magnitude of the angular 
splitting and hence the change in net induction vector when the switch takes place. The 
former quantity is found experimentally to be 70 prad and we denote this by 2 (Pl)s- From 
figure 4.20 we can deduce that:
Using the same values as before to calculate (pL)max and the experimentally determined 
value for (PL)S equation 4.10 reduces to:
To proceed further we note that the switch takes place close to zero field and is essentially 
between two equivalent remanent states. These can be explored through the equilibrium 
equations 4.2 and 4.3 which for a multilayer with layers of unequal thickness become:
(Pl)s = (3 cos 0i + cos 0a) (Pl) max [4.10]
(3 cos 0i + cos 02) = 3.4 [4.11]
sin 2 0 2  = T sin 20i = rj sin (0i +0 2 ) [4.12]
where x = ti/t2  and Tj = -J/Kt2 . For sample A358, x = 3 and the solution to equations 4.11 
and 4.12 yields values of 7.5°, 65° and 0.8 for 0i, 02 and r\ respectively. From the value of
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Figure 4.20: Schematic showing the magnetisation vectors and angles in samples with 
different layer thicknesses.
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r\ we deduce that IKI * 1.25 IJA2 I, a factor approximately 2.5x larger than the “weak” 
anisotropy limit deduced for specimen A359. As the origin of the anisotropy is unknown 
we have no reason to assume that the values for the two films should be identical but the 
fact that similar magnitudes are obtained suggests a satisfactory level of consistency and 
lends credence to the model.
It is difficult to deduce useful additional information from the hard axis sequence shown 
in figure 4.13. The rotation of ripple is consistent with the application of a field 
marginally misaligned from the hard axis so that rotation in a particular sense is favoured 
for the thicker layers. Indeed, the dominance of the thicker layers in determining the 
overall behaviour is expected to increase as the magnitude of T increases.
For sample A337 the magnitude of the central spot splitting observed in the low angle 
diffraction pattern when walls are present in the sample is 3.4 prad. This is equivalent to 
1.65 nm of fee Co reversing in direction. If we assume that the moment of Co in the 
CoCu alloy is reduced simply in proportion to the Co concentration our result is 
consistent with the reversal of 3 FM coupled layers from the 20 in the multilayer stack.
The modelling of these two systems is still underway. Initial results using MAPLE, 
however have shown that is is not possible to get a stable set of solutions for the 
equations using only the energy terms detailed above. While it is still believed that the 
reversal mechanisms outlined are still valid, attempts are being made to achieve stable 
solutions of the energy equations by adding a bi-quadratic coupling term to the equation.
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Bi-quadratic coupling causes an angle of 90 degrees between the magnetisation vectors in 
adjacent layers to be favoured and is of the form:
This investigation is still ongoing.
4.5 Conclusions
The reversal of a number of Co/Cu multilayers has been studied using a range of Lorentz 
microscopy techniques. The combination of techniques has proved extremely powerful 
and in the most favourable cases a clear picture of the behaviour of the magnetisation 
distribution in the multilayer stack as a function of applied field strength and orientation 
has been obtained. The results are particularly encouraging for multilayers with Cu 
thicknesses appropriate to the first AFM. The simple model we have applied fits the 
experimental observations well and has allowed us to extract much useful quantitative 
information. The low angle diffraction patterns in particular have proved a useful source 
of information. With this technique the central spot of the diffraction pattern is seen to be 
split or broadened if the net magnetic induction is other than uniform over the illuminated 
area, and when taken in connection with the Fresnel images, this gives excellent insight 
into the overall magnetisation process. Calibration of the camera length is important if we 
are to determine absolute deflection angles. This was achieved using a replica diffraction
[4.13]
71
Chapter 4: TEM investigations of giant magnetoresistive sensing media
grating of known periodicity and experimentally determined deflections are accurate to 
±5%.
The magnetisation processes have been described in detail for samples A358 and A359, 
and these results appear to indicate the presence of an anisotropy. The source of this 
anisotropy is not clear but possible sources are: introduction during deposition, or a layer 
which is pinned in that direction during the recording of the MR loops. If the anisotropy 
results from the deposition conditions, then it is not clear why samples A358, A359 and 
A337 have an anisotropy, whilst samples A332 and A333 do not. This is especially 
confusing when it is considered that the antiferromagnetic coupling for these two samples 
should be less since their copper layer thicknesses correspond to the second AFM 
maxima, whereas, in chapter one it can be seen that the coupling will be stronger at the 
first antiferromagnetic maxima. The reduced coupling should make the effect of any 
anisotropy more pronounced. The presence of an anisotropy does also present the 
problem that it is not known whether the GMR loops were recorded along the easy or 
hard axes, or whether the recording of the GMR loops exposes the field to a high enough 
field to define the hard axis as seen in the microscope. This could have a significant effect 
on the hysteresis and the sensitivity of the response.
From the GMR loops provided, sample A337 (the alloy sample) appears to have the best 
GMR properties for the proposed applications, with little hysteresis and high sensitivity. 
This sample does however have the least well understood magnetic properties, with two 
distinct processes occuring: magnetisation rotation in some layers, and domain wall
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motion in the others. It must be noted that it was possible during the magnetisation 
experiment to reduce the field once a domain wall had appeared and hence get both 
domains and magnetisation rotation processes visible at the same time. These two 
processes appeared to be completely independent. More work will have to be done on this 
sample before it is completely understood.
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5.0 Introduction
Magneto optic (MO) recording has been described in chapter one. In this chapter I 
present and discuss the results of characterisation experiments carried out on 
proposed new magneto optic media. The experimental procedures have been 
previously detailed in chapters two and three.
Before we can evaluate the materials described in this chapter we need to know what 
makes good magneto optic media. There are three main requirements for good 
magneto optic media:
i: Large perpendicular anisotropy and coercivity.
The shape effect calculations detailed in chapter three show that in thin film media 
the magnetisation will lie in the plane of the film if there are no further forces to 
cause the magnetisation to lie perpendicular to the plane of the film. For magneto 
optic media the perpendicular magnetic anisotropy (Kj.) must be larger than the shape 
anisotropy to achieve the perpendicular magnetisation which is required
for magneto optic recording. Furthermore the perpendicular M vs. H loop must show 
a large coercivity at room temperature, so that written marks are stable, and 100% 
remanence so that the marks do not degrade in a zero field. It should also be noticed
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that the Hc should decrease rapidly with increasing temperature to allow for high 
writing sensitivity and sharp mark boundaries.
ii: Large polar K err rotation.
A large polar Kerr rotation (©k) is a basic demand for a sufficient readout signal. 
Indeed the figure of merit that is quoted for magneto optic media is related to ©k by:
F.O.M .= R (0k2+£k2) [5.1]
where R is the reflectivity of the surface of the media, which should be above 20% 
for MO recording and £k is the ellipticity of the polar Kerr rotation, which is often 
negligable. The ©k for rare earth-transition metal amorphous alloys and 
cobalt/platinum multilayers is of the order of 0.4° at ^=800nm [13].
iii: Suitable Curie tem perature.
For a high data writing rate, the thermomagnetic switching temperature should be as 
low as possible, without being too low, as it takes time to heat up the material. This 
property is dominated by the Curie temperature (Tc). A low Curie temperature will 
also allow lower laser powers to be used, which will reduce the degradation of the 
media and allow more read/erase cycles. The lower thermomagnetic switching 
temperature will also mean that a laser power which is low enough to cause minimal 
degradation of the media will be high enough to completely write or erase a mark, 
giving better mark definition. If the thermomagnetic switching temperature is not low 
enough to allow this, these two requirements will have to be balanced for best
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performance. It should, however, be noted that if the Curie temperature is too low the 
mark will be degraded at room temperature, giving an unsatisfactory lifespan for the 
mark.
The materials described in this chapter are two different types of magneto optic 
media: rare earth-transition metal (RETM) amorphous alloys, and cobalt 
nickel/platinum (CoNi/Pt) multilayers.
Current commercial magneto optic media are based on RETM thin film alloys such 
as TbFeCo and GdFeCo since they fulfil all the requirements for a successful 
magneto optic media. These types of media were first recognised as magneto optic 
media in 1973 [1]. Since they are amorphous they have no crystallite boundaries, 
which helps to increase the carrier to noise ratio (CNR). However they do suffer from 
a poor chemical stability, which necessitates the application of a protective coating, 
increasing the expense of the material, and a relatively low Kerr rotation at shorter 
wavelengths (=400nm). The materials described in this chapter compare a film which 
has been doped with a light rare earth element in an attempt to increase the Kerr 
rotation at shorter wavelengths and one which has not.
Co/Pt type multilayers have been investigated as suitable magneto optic media since 
perpendicular magnetic anisotropy was discovered in Co/Pt and Co/Pd multilayers in 
1985 [2] [3]. Their large polar Kerr rotations at shorter wavelengths [4] [5], superior 
chemical stability and reflectivity has increased their interest as a future magneto 
optic media. They do, however, suffer from a high Curie temperature. The media
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described in this chapter have had nickel added to the magnetic layer in an attempt to 
reduce the Curie temperature.
5.1 The magnetisation processes in CoNi/Pt multilayers
Co/Pt multilayers are attractive as future magneto optic recording media for several 
reasons. The constituent metals are chemically stable, and therefore the whole 
multilayer is resistant to oxidation and corrosion (unlike RETM alloys). They can be 
deposited at room temperature either by electron beam evaporation or sputtering. 
Their high reflectivity means that their figure of merit for magneto optic recording is 
high enough that their typical carrier to noise ratio is generally higher than current 
media despite their crystalline nature [6]. Their figure of merit is also still high 
enough at short wavelengths (*400nm) to allow magneto optic recording [6]. They 
do however suffer from a Curie temperature which is too high for practical magneto 
optic recording (between 300C and 400C). Nickel however can be added to the 
magnetic layers to reduce the Curie temperature [7] [8] [9], and much work is ongoing 
in this area.
Past work on CoNi/Pt and Co/Pt multilayers has shown that the magnetic properties 
of the system depend very heavily on the exact film parameters. The perpendicular 
magnetic anisotropy (PMA) arises from the interfaces between the layers, so any 
parameter which affects these interfaces affects this [10] [11] [12]. In particular as the 
magnetic layers are increased in thickness from zero, the anisotropy energy increases 
until it reaches a maximum value at *0.7nm thick, and then decreases. The same 
happens when the platinum layers are increased from zero, with the maximum here
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being at *0.9nm. The anisotropy energy is also affected by the number of bilayers, 
with it being largest for between six and twelve bilayers. The anisotropy energy 
becomes less as the number of bilayers lies outside this range [13]. Another aspect of 
the multilayer which affects the PMA is the degree of texturing, with the anisotropy 
energy being enhanced for systems with strong <111> texturing. This texturing can 
be partially controlled by depositing a platinum underlayer, the thickness of which 
affects the final anisotropy energy [13].
All these changes result in different shapes of M vs. H loops. These loops fall into 
two basic categories: the first category being where the reversal of the magnetisation 
occurs over a small field range, with the precise shape of the loop being determined 
by the magnetic viscosity of the sample. The second category is where the reversal 
process occurs at several different fields ranges. This results in kinks in the M vs. H 
loops. Samples were chosen for study which fall into each of these two catagories. 
The first pair of samples, with a magnetic layer consisting of CosoNiso has a multi 
stage reversal process. The other multilayer sample, with a magnetic layer consisting 
of Co4 oNi6 o has a reversal process which occurs at a single field. It should be noted 
that the different properties are more likely to be caused by the different layer 
geometries than the slightly different compositions.
In addition to modifying the anisotropy energy, the Kerr rotation can also be 
enhanced by annealing the sample at temperatures up to 470C. The ©k is thought to 
be controlled by the polarisation of the platinum [14] which is enhanced by the 
annealing [13]. Annealing at temperatures up to 400C also has the effect of 
increasing the coercivity of the sample. This is thought to be caused by silicon
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diffusion into the metallic layers (or oxygen diffusion if annealing is carried out in 
air) and the formation of non-metallic phases at the boundaries of the crystallites. 
These act both as pinning sites and to decouple the crystallites. These effects are 
found to be larger for samples with thicker magnetic layers, and for this reason one of 
the CosoNiso/Pt samples was annealed in a vacuum to look at the effects of annealing 
on the micromagnetics of the system.
This work was carried out in collaboration with Q.Meng and J.C.Lodder at the 
University of Twente, where all the multilayers were deposited by Q.Meng. The 
multilayers were sputter deposited onto silicon wafers with silicon nitride windows 
suitable for TEM investigation at an argon gas pressure of 1.6xl0*2mbar.
5.1.1 CosoNiso/Pt multilayers
The first pair of samples consisted of a 27.5nm platinum seed layer followed by 17 
bilayers of 0.9nm Co5oNi50 and 1.1 nm Pt. Following deposition some of the samples 
were annealed in a vacuum at 300C. The samples were characterised in the TEM as 
described in chapter three, and on the AGFM as described in chapter two. Minor loop 
experiments on a vibrating sample magnetometer and cross section images were also 
recorded to characterise the samples further.
The diffraction patterns (figure 5.1) showed that the layers were polycrystalline, with 
both the platinum layer and the magnetic layer having a FCC structure. By comparing 
points w and x on figure 5.1 it can be seen that as the samples were tilted, the (022) 
planes start to diffract less perpendicular to the tilt axis, showing that there is a
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Figure 5.1: diffraction patterns of CoNi/Pt multilayers in the as grown state both 
perpendicular to the electron beam (a) and tilted 20° from perpendicular (b) and in the 
annealed state both perpendicular to the electron beam (c) and tilted 20° from
perpendicular (d). Tilt axis is in direction shown below.
(113)Pt
(133)Pt
(022)Pt
(002)Pt
( l l l ) P t
( l l l ) Co Ni
(002)CoNi
(022)CoNi
^  (133)CoNi V  (1 13)CoNi
Figure 5.1e: An indexed diffraction pattern for a CoNi/Pt multilayer showing the FCC 
structure for both the cobalt nickel layers and the platinum layers
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tendency for this plane to lie perpendicular to the plane of the film. However by 
comparing points y and z on figure 5.1, it can be seen that the (111) CoNi plane starts 
to diffract more under the same conditions, showing that there is a tendency for this 
plane not to be perpendicular to the plane of the film. Both these results suggest that 
these films are textured in the <111> direction. The crystallites, as observed in the 
bright field images (figure 5.2), are 10-15nm across while the cross section image 
(figure 5.3) shows that the crystal growth tends to be columnar, with the columns 
having a width of 10-15nm. There is no apparent change in this following annealing.
Fresnel images (figure 5.4) of the samples show that both have a complex dendritic 
structure, where the seperation of domains in regions where they are tightly packed is 
in the range 150-250nm.
Hysteresis loops for both the as grown and annealed sample (figures 5.5) show that 
reversal begins with an initial sharp fall in the magnetisation followed by a more 
gradual increase to saturation in the reverse direction. The principal effect of 
annealing the sample is an increased coercivity, 5000e compared to 3000e.
In the VSM experiment the samples were subjected to a saturating field in the 
positive direction followed by a negative field whose magnitude lay between the 
nucleation and saturation fields. On removal of the reverse field the magnetisation 
rises and continues to rise in a non-linear fashion as the field is increased in the 
positive direction (figure 5.6), showing that reversible processes were far from 
negligible.
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Figure 5.2: Bright field images of CoNi/Pt multilayers in as grown state (a) and 
annealed state (b).
Figure 5.3: A bright field image of a cross section of a CoNi/Pt multilayer (courtesy 
Q.Meng)
1500nm
Figure 5.4: Fresnel images of CoNi/Pt multilayers in the as grown state (a) and 
annealed state (b).
(a) Magnetisation (EMU)
0
-5000 -2500 2500 50000
Field (Oe)
(b) Magnetisation (EMU)
0
-2500 2500 5000-5000 0
Field (Oe)
Figure 5.5: Magnetisation versus field plots for CoNi/Pt multilayers in the as grown (a) 
and annealed (b) states, showing the slight increase in coercivity as the sample is 
annealed.
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Figure 5.6: Minor loops recorded for CoNi/Pt multilayer on a VSM. The shape of the 
magnetisation curve and the increase in the magnetisation as the field is increased from 
a value less than negative saturation indicates the presence of reversible processes.
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Remanence (DCD and IRM) curves were taken for both the samples as described in 
chapter two. The differentiated DCD and IRM curves show the switching field 
distributions for the sample, with the differentiated IRM curve showing the fields at 
which irreversible changes occur in the domain structure, and the differentiated DCD 
curve showing the effect of nucleation on this distribution.
The differentiated remanence plots (figure 5.7) for these two samples are similar and 
much more complicated than those for the other samples in this chapter. The 
differentiated DCD plot shows a fairly sharp peak at 100 or 350Oe depending on the 
sample. Another, lower, peak is observed on both the IRM and DCD plots at around 
15000e and in between these two peaks the switching field distribution appears to be 
fairly constant but greater than zero. In an attempt to understand these sequences a 
similar field sequence to a DCD curve was applied to the sample in the TEM and 
Fresnel images were taken at the relevant points on the curve. This sequence will not 
be the same as the magnetisation sequence detailed later since the field is removed 
before any images are taken. This has the effect of highlighting only irreversible 
changes to the micromagnetic structure.
To highlight the changes that occurred along the DCD plot, the Fresnel images were 
taken after the field had been increased to a chosen value then reduced to zero, as in a 
DCD curve. The Fresnel images were then subtracted from the Fresnel images of the 
sample after a slightly higher field had been applied. The resulting image is of 
predominately low contrast with high contrast areas where the magnetisation had 
changed.
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Figure 5.7a: Differentiated remanence curves for CoNi/Pt multilayer in the as grown 
state.
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Figure 5.7b: Differentiated remanence curves for CoNi/Pt multilayer in the annealed 
state. This shows the increase in the domain nucleation field (left hand peak on 
differentiated DCD curve) if the sample is annealed, while the right hand peak remains 
at the same field.
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These difference images (figure 5.8) show that the differentiated DCD peak at 250Oe 
results from the initial nucleation (figure 5.8a), and spread of the maze like domain 
structure, the back side of this peak representing the “filling in” of small areas which 
were bypassed in the initial nucleation (figure 5.8b). This filling in process continues 
until the sample is covered in a dense maze like domain structure. This happens at a 
field larger than the coercive field of the sample and since you would expect this 
maze like structure to have an almost zero nett magnetisation in a zero applied field it 
suggests that changes to this domain structure in the magnetisation process are 
reversible, and that the domain structure relaxes to this state as the field is removed.
The fields between the two peaks on the differentiated DCD curve appear to 
represent small jumps in the magnetisation pattern (figure 5.8c), possibly as groups 
of domains rearrange their geometries in order to achieve a more dense domain 
structure. The noise level for this figure is also notably higher than for the other 
images, this could indicate wall motion. The final peak (at *15000e) represents the 
destruction of these domains as the walls collapse together under the influence of the 
reverse field and annihilate each other. This stage of the process was difficult to 
capture on the difference images since as the field was increased from the large 
negative values, the unreversed domains would grow in a way which made the 
resulting domain pattern almost independent of that of the previous remanent state 
(figure 5.8d).
The time delay plots of the two samples (figure 5.9) show that the magnetisation 
against log(time) is non-linear at the fields represented by the sharp peak. This would
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Figure 5.8(a): A set of images containing two Fresnel images recorded after the 
annealed CoNi/Pt multilayer had been exposed to reversing fields of 2 150e and 
270Oe, and a difference image. The difference image was calculated from Fresnel 
images by subtracting one image from the other. While the difference image is not 
necessary here, it is shown here for comparison with the other difference images later 
on in the figure.
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Figure 5.8(b): Fresnel images and a difference image for the annealed CoNi/Pt 
multilayer. The Fresnel images were recorded after the sample had been exposed to 
reversing fields of 380Oe and 430Oe. This shows the small changes that are taking 
place at this point on the DCD curve.
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Figure 5.8(c): Fresnel images and a difference image for the annealed CoNi/Pt 
multilayer. The Fresnel images were recorded after the sample had been exposed to 
reversing fields of 9750e and 10300e. This difference image is generally noisier, this 
may reflect the small number of changes that are taking place, or may be indicative of 
domain wall motion.
14000e
350nm
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Figure 5.8d: Fresnel images of annealed CoNi/Pt multilayer after it had been exposed 
to reversing fields of 1350Oe and 14000e in turn. The arrows indicate areas which 
have unreversed despite being exposed only to reversing fields.
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Figure 5.9(a): Magnetisation versus time plots for CoNi/Pt sample in the as grown state 
recorded on an AGFM. The vertical scale goes from +ms to -ms. Selected field values 
are indicated on the right hand side.
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Figure 5.9(b): Magnetisation versus time plots for CoNi/Pt samples in the annealed 
state recorded on an AGFM. The vertical scale goes from +ms to -ms. Selected field 
values are indicated on the right hand side.
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Figure 5.10:Fresnel images of the magnetisation processes in the as-grown CoNi/Pt 
taken at field values of: 150Oe (a); 270Oe (b); 1 lOOOe (c); 1460Oe (d).
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be expected from a sharp switching field distribution [21]. However unlike the other 
samples in this chapter, the magnetisation tends towards a value well above negative 
saturation at fields above the coercive field rather than negative saturation as in the 
other samples. This suggests that there is a strong demagnetising field which controls 
part of the reversal mechanism for this sample. The time dependent plots where the 
field applied is larger than the coercive field are linear with log(time). This would be 
expected from a broad switching field distribution [21].
To give a more complete picture of the mechanisms involved, the magnetisation 
process was recorded on the CCD camera (figures 5.10). The initial nucleation of 
reverse domains was never seen so it can be assumed that this occured in a very small 
number of sites. Reversal went on to involve the growth of irregular domains (figure 
5.10a). As the field was increased slightly the irregular domain structure grew to 
cover a greater fraction of the specimen (figure 5.10b). Observations of the process 
in real time showed that growth involved multiple branching of existing domains to 
form the complex dendritic structures seen in the figures and was strongly time 
dependent. A further increase of the field of around lOOOe led to the complete 
coverage of the sample with tightly packed irregular domains, and once coverage was 
complete, further changes required the application of substantially larger fields 
(figure 5.10c). The remainder of the magnetisation process took place over a larger 
field range and involved the steady shrinking of unfavourably orientated domains 
with the appearance of increased areas of reversed magnetisation separated by local 
regions supporting narrow irregular domains. As the reverse field was increased the 
number of regions supporting a domain structure decreased (figure 5.10d) until 
reverse saturation was attained. The fact that extremely narrow domains existed up to
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substantial fields suggested that annihilation was difficult and may reflect the 
existence of wall structures of the kind predicted previously for multilayers 
supporting perpendicular magnetisation [15].
The observation of the early stages of domain evolution is complicated considerably 
by the presence of time dependent effects. Here I found the most useful procedure 
was to subject the film to a field very close to that at which domain nucleation occurs 
and then to record image sequences at regular time intervals without changing the 
field. The extremely high stability of the objective lens (»lppm ) makes it an ideal 
source of magnetic field for such experiments. The resulting sequences of the growth 
of the domain structure tell us a lot about the initial stages of the reversal mechanism 
and confirm the importance of thermally activated processes. Advantage can also be 
taken of the fact that the images are digitally recorded on the slow scan CCD camera 
which is connected to the Philips CM20 TEM. This allows the subtraction of 
adjacent images in the sequence from each other to highlight the changes which 
occur in the time between each image was recorded (figure 5.11). In this way very 
small changes in the domain structure can be highlighted which would otherwise be 
missed. Some of these areas are indicated with arrows in figures 5.11 f  and h. The 
difference images also highlight the fact that once a domain wall system has formed 
it remains essentially unchanged as the domain structure evolves. This is indicative 
of large energy barriers which would have to be overcome, and could indicate highly 
stable wall structures or strong domain wall pinning sites. Care was also taken to 
ensure that the temperature was as stable as possible. This was in view of the fact that 
the processes being investigated were thermal in nature. It was not possible to
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Figure 5.1 la: A difference image being created from the first two Fresnel images in the time 
dependent sequence. This shows the domains which appeared between 5 and 10 seconds.
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Figures 5.11 b to k: Difference images showing domains which appear in the time interval 
indicated. There were no new domains in time intervals which are not present in the sequence.
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Figure 5.111: The evolution of the magnetisation pattern with time for CoNi/Pt.
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reproduce the alternating field of the AGFM for direct comparison, although this is 
expected to have a minimal influence.
The observed reversal process begins with domains appearing at the edge of the field 
of view. The fact that the initial nucleation site was never observed in the area of the 
film (*10'2mm2) suggests that there are only a very few nucleation sites, and that the 
entire domain structure evolves from these sites. The reversal then proceeds with a 
series of domain expansions to form a dendritic domain structure. These jumps occur 
at irregular intervals and are irregular in size. The size of the smallest jump can be 
estimated from the difference images to be *10’2|im 2, while the larger jumps can be 
several fim2. These estimates of the area of the smallest jumps are inherently 
inaccurate since the domains are viewed in Fresnel mode, which is a defocus mode. 
The esimate of this size will however represent the upper limit for the size of that 
jump. Viewing the nucleation process on the low light level TV camera shows that 
these jumps generally proceed between the frames of the video recording system, 
hence the domain growth process does not proceed at even a nearly uniform rate.
The above results show the magnetisation and time dependent micromagnetic 
patterns for the sample in the as grown state. The results for the sample in the 
annealed state were very similar (figure 5.12) and did not appear to be affected by the 
annealing process. The only differences between the two processes was the higher 
fields required to nucleate domains (*250 Oe compared to *80Oe), however the 
sample does reach reverse saturation at approximately the same field (*14000e).
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Figure 5.12: Fresnel images of the magnetisation processes in the annealed 
CoNi/Pt taken at field values of: 290Oe (a); 430Oe (b); 10900e (c); 1410Oe 
(d).
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5.1.2 Co40Ni6o/Pt multilayers
This sample was deposited onto a silicon nitride window suitable for TEM 
investigation and consists of ten bilayers of 0.4nm thick Co4 oNi6o and 0.9nm thick Pt 
deposited on top of a platinum seed layer which is lOnm thick. The samples were 
prepared by sputter deposition in an argon gas pressure of 1.6xl0'2mbar.
The bright field images and diffraction patterns (figures 5.13 and 5.14) show a 
structure similar to the previous two sets of multilayer, with the most prominent 
difference being there is almost no texturing evident in these multilayers. The reason 
for this difference is unknown. Fresnel images (figure 5.15) show a complex domain 
structure which is unlike the previous two samples. The larger features which can be 
clearly seen on the Fresnel images are not magnetic and are probably dirt particles. 
While they do not appear to affect or obscure the magnetic contrast, they are certainly 
the most prominent features on the Fresnel images. The hysteresis loop (figure 5.16) 
is of the type where the reversal process occurs at essentially a single field.
As with the other samples, remanence curves and time delay plots were recorded for 
these samples on an AGFM (figures 5.17 and 5.18), along with magnetisation and 
time delay sequences (figures 5.19 and 5.20) on the TEM.
The differentiated remanence curves (figure 5.17) show that nucleation occurs at on 
average a slightly higher field than that required to sweep domains through the 
system. This would suggest that once domains had been nucleated they would spread 
throughout the sample if the field was held steady. This is bome out by the time
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Figure 5.13: Diffraction pattern of Co4oNi6o/Pt multilayers both perpendicular to the 
electron beam (a) and tilted to an angle of 20° from perpendicular (b), showing the 
lack of texturing.
50nm
Figure 5.14: Bright field (a) and dark field (b) images of Co4oNi6o/Pt multilayers.
4000nm
Figure 5.15: A Fresnel image of Co4oNi6o/Pt multilayer in the as received state.
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Figure 5.16: Magnetisation against field plot for Co4 oNi6 o/Pt multilayer.
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Figure 5.17: Differentiated remanence curves for Co4oNi6o/Pt multilayer, showing that 
the domain nucleation field is higher than the domain wall motion fields.
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Figure 5.18: Magnetisation versus log(time) plots for C o4oNi6o/Pt multilayer. The 
vertical scale goes from +ms to -ms. Selected field values are indicated on the right hand 
side.
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dependent studies on the AGFM which show just this.
The change in micromagnetic structure with the applied field is shown in figure 5.19. 
Each figure was taken at the same time after the field was increased (=5 seconds) 
since time dependent effects were present.
The reversal started at only a few points, none of which were in the field of view 
during any of the experiments. These nucleated domains were irregular in shape 
(figure 5.19a), with the seperation of the domain walls having no fixed value which 
suggests that they were probably being defined by pinning sites. These domains grew 
to cover the field of view and evolved at the same time, leaving isolated areas of 
unreversed magnetisation in the form of irregular elongated domains (figure 5.19b). 
These unreversed regions continued to shrink and disappear as the field was 
increased (figure 5.19c). These small unreversed domains eventually disappeared as 
the time or the field was increased.
The time dependent sequences and difference images (figure 5.20) show in more 
detail the growth of the domains, and show that the sample can be almost completely 
reversed in a steady field under the effect of time alone. The difference images here 
also highlight the fact that as with the other multilayer samples described in this 
chapter, the areas which are reversing vary greatly in size. The shape of the domains 
observed for this sample, however, are considerably different from the other 
multilayers described in this chapter, having a more variable width.
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Figure 5.19: Fresnel images of the micromagnetic structure of Co4oNi6o multilayer 
changing with an applied field.
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Figure 5.20a: A difference image being created from the first two Fresnel images in the 
time dependent sequence. This shows the domains which appeared between 45 and 50 
seconds.
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Figures 5.20b to h: difference images showing domains which appeared in the time 
intervals indicated.
Figure 5.20i: The domain pattern after 600s.
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5.2 The magnetisation processes in amorphous Tb(Nd)FeCo alloys
Current magneto optic media are based on rare earth-transition metal (RETM) 
amorphous alloys such as TbFeCo, since they fill all the requirements for magneto 
optic media at current laser wavelengths (*800nm). RETM alloys were first 
described as magneto optic media in 1973 [1] when GdCo and GdFe were used. It is 
not fully understood how the perpendicular magnetic anisotropy arises, although it 
has been suggested that it is caused by elongated areas of local ordering which are 
present in the media [16]. The properties of the thin films do however depend 
strongly on the concentration of the rare earth element(s) (Tb, Nd) present [17]. 
Furthermore the RETM alloys do suffer from poor corrosion resistence, with the rare 
earth metal(s) diffusing towards the surface of the thin film forming oxides [18] even 
after a protective overlayer has been applied, and poor Kerr rotations at the shorter 
wavelengths which will be used for magneto optic recording in the future. In an 
attempt to increase the Kerr rotation at short wavelengths, lighter rare earth metals 
like Nd have been added to the alloy. These attempts have been largely unsuccessful
[19].
Two samples are described in this section: Tbi9 Ndi4Fe4 8 Coi9 (sample A) and 
Tb3 oFe4 6 Co2 4  (sample B). This work is being carried out in collaboration with 
D.Raasch at Philips in Aachen, Germany, who deposited these samples. Both these 
samples were evaporated onto silicon substrates with silicon nitride windows suitable 
for TEM investigation, and were covered with a 20nm A1 overlayer. Sample A is 
43nm thick whilst sample B is 22nm thick. Characterisation carried out by Dr. 
Raasch showed that the Curie temperature for sample A is 227C and 287C for
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sample B. Both samples were characterised on the TEM, as described in chapter 3, 
and on the AGFM as described in chapter 2. In addition a magnetisation sequence 
was recorded for sample A.
The diffraction patterns for both samples are similar and show the broad band of 
reflections that you would expect from an amorphous material (figures 5.21). The 
sharp lines which are visible are probably from the 20nm thick aluminium overlayer, 
which is shown to be a textured polycrystalline coating.
The contrast present in both the bright field images is the same (figures 5.22). The 
scale of the “features” is »20nm, and this will be the size of the crystallites in the 
overlayer.
The Fresnel images (figures 5.23) are quite similar for both the samples, showing an 
irregular maze like domain structure with domain periodicity of around 400nm, 
although the scale of the magnetic features in sample A is slightly smaller than this. 
The larger features which can be clearly seen on the Fresnel images are not magnetic 
and are probably dirt particles.
The hysteresis loops (figures 5.24) show that while the coercivity for sample A is 
suitable for investigation in the TEM, the coercivity of sample B is over 80000e, 
which is larger than the largest field that can be applied in situ in the microscope 
(=60000e). The irregularities on the hysteresis loops of sample B can not be fully 
explained, but are probably artefacts of the AGFM.
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Figure 5.21: Diffraction patterns of NdTbFeCo (sample A) perpendicular to electron
beam (a) and tilted to an angle 20° from perpendicular (b) and TbFeCo (sample B) 
perpendicular to the electron beam(c) and tilted to an angle of 20°from perpendicular 
(d). The broad band of reflections caused by the amorphous nature of the sample can 
be clearly seen in all images, along with the crystallite contrast from the aluminium 
protection layer.
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Figure 5.22: Bright field image of NdTbFeCo (sample A) (a) and TbFeCo (sample
B) (b) showing the low contrast and the crystallites in the aluminium layer.
1500nm
Figure 5.23: Fresnel images of NdTbFeCo (sample A) (a) and TbFeCo (sample B) (b).
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Figure 5.24: Hysteresis loops for NdTbFeCo (sample A) (a) and TbFeCo (sample B) 
(b), recorded on an AGFM.
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The differentiated remanence curves (figure 5.25) show that, for sample A, the 
nucleation occurs at approximmately the same fields as domain wall motion, and for 
sample B, nucleation occurs at on average a slightly higher field than domain wall 
motion. From these switching field distributions we would expect any domains, 
which are formed at nucleation, to grow rapidly with no further increase in field. We 
would also expect this to be faster for sample B than sample A [13].
The time dependent curves (figure 5.26) for both samples show that once nucleation 
has occurred, the sample continues reversing when immersed in a steady field, 
although for sample A this is more gradual.
The change in micromagnetic structure with the applied field is shown in figure 5.27. 
Each figure was taken at the same time after the field was increased (~5 seconds) 
since time dependent effects were present.
Once again the reversal never started in the field of view during any of the 
experiments, so it has to be assumed that it started at only a few points. These 
nucleated domains were irregular in shape and elongated (figure 5.27a). The 
nucleated domains did not appear to have a well defined width, which suggests once 
again that they were being defined by pinning sites. This domain structure continued 
to grow to cover the field of view. As this grew the domains evolved, reducing the 
areas between each domain (figure 5.27b). Eventually the reversed areas coalesced 
together leaving only small unreversed domains (figure 5.27c). These small 
unreversed domains would eventually disappear as the time or the field was increased
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Figure 5.25: remanence curves for NdTbFeCo (sample A) (a) and TbFeCo (sample B) 
(b), showing that the domain nucleation field is similar to the domain wall motion field 
in both cases.
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Figure 5.26: Magnetisation versus time plots for NdTbFeCo (sample A) (a) and 
TbFeCo (sample B) (b) taken on an AGFM. The vertical scale goes from +ms to -ms. 
Selected field values are indicated on the right hand side.
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Figure 5.27: Fresnel images of the micromagnetic structure of NdTbFeCo (sample A) 
changing with the field applied.
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(figure 5.27d). The only effect of increasing the field was to increase the rate of 
change of the magnetic microstructure. There are similarities between this process 
and that for the Co4oNi6o multilayers. There is a difference however in the shape of 
the domains which extend across the sample. The domains in this media are more 
elongated and directional.
5.3 Discussion
The use of several different experimental techniques has proved very useful in the 
examination of the magnetisation processes of the samples described in this chapter. 
In particular the ability to image the sample in a field of the experimenter’s choosing 
was essential. This ability was enhanced by being able to record and play back a real 
time video of the reversal and time dependent phenomena which occurred. The 
technique reveals much information about the growth of the domains which could 
not otherwise have been deduced.
The domains observed during the magnetisation process were qualitatively similar to 
those previously described for Co/Pt multilayers and RETM alloys [20] [21]. This is 
encouraging for their future use as MO media. The magnetisation process itself has 
been modelled using several different strategies.
The first model is that of Draaisma and de Jonge [23]. They use an updated version 
of the Kooy and Enz [22] model for a single magnetic layer, and apply it to 
multilayer systems. This model considers the balance of the magnetostatic, domain 
wall and Zeeman energies and from these considerations calculated the most stable
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domain configuration for perpendicularly magnetised multilayers. Hysteresis and 
domain growth processes are ignored in this model since the domain walls are 
assumed to be freely mobile, and the global minimum energy state is always reached. 
This model predicts an idealised magnetisation curve which can be related to the 
magnetisation curves for the samples studied in this chapter.
The idealised M vs. H loop without hysteresis predicted by this model is shown in 
figure 5.28, the slope is drawn as a straight line but in actual fact the calculated slope 
deviates slightly from this, becoming less steep, near saturation, nonetheless for the 
purpose of my analysis, a straight line suffices. The two shapes of hysteresis loop 
described in section 5.1 can then be imagined to arise due to different values of the 
domain nucleation field. If domains were nucleated at field Ha on figure 5.28 then the 
most stable configuration is for the sample to reverse completely. The domains 
would then spread through the sample in a steady field until negative saturation was 
reached. This is similar to what appears to happen in the RETM alloys and 
Co4 oNi6o/Pt samples described in this chapter. If, however, domains are nucleated at 
field Hb in figure 5.28, the most stable state for the sample would be a magnetic 
moment somewhere between positive and reverse saturation. The magnetisation 
would then relax towards this stable state and the M vs. H curve would then follow 
the idealised curve if there are no additional energy barriers to be overcome. This is 
similar to what happens in the CosoNiso/Pt multilayers described in this chapter.
Further energy barriers do, however, exist so the experimental curve will not follow 
the idealised curve exactly, but instead the system will relax into a local minimum 
state. The deviation of the actual hysteresis loop from the idealised curve through the
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Figure 5.28: An idealised M vs. H loop for a perpendicularly magnetised sample, 
showing also ideal loops if domains nucleated at fields Ha and Hb.
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origin may be indicative of the height of the energy barriers to be overcome. This can 
be seen in the hysteresis loops for the two multilayer samples with CosoNiso magnetic 
layers in particular. After initial nucleation the curve then closely follows the 
idealised curve until fields of around lOOOOe are reached; at these fields the slope of 
the M vs. H curve decreases. This can be seen to correspond with the “bump” in the 
switching field distributions seen for these samples at this field (figure 5.7).
The second model is an enhanced version of the Monte Carlo model developed by 
Lyberatos et al. [24], which has been applied to the CosoNiso/Pt samples 
characterised in this chapter. The modelling was carried out by LS.Weir, 
I.S.Molchanov and D.M Titterington in the Statistics Department at the University of 
Glasgow in conjunction with J.N.Chapman and myself. In this model the sample is 
given a starting condition, then exposed to a field. This model assumes that there will 
be energy barriers present so the final magnetic state reached could be a local 
minimum instead of the global minimum energy state reached in the Kooy and Enz 
and Draaisma and de Jonge models.
The model is based on a wrap around array of hexagonal crystallites in a steady 
applied field of the modellers’ choosing. Wrap around array means that any 
structures leaving the array at one edge will be continued at the opposite edge as if 
the area of the array formed a continuous surface. The magnetic events are assumed 
to be thermally activated, and after each step one crystallite, selected on the basis of a 
probability distribution, reverses its magnetisation. This continues until any further 
reversals do not decrease the total energy of the system. The starting condition for 
this model assumes a single nucleation point. Account is taken in the model of
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anisotropy, Zeeman, demagnetising and domain wall energy densities and these all 
contribute to the local field that is effective during the thermal activation. For the 
multilayer films of interest here, discreteisation was not only in the plane of the film 
but also in a vertical direction to allow for the number of magnetic layers in the stack. 
Key parameters in the model are: The intrinsic nucleation energy barrier, the intrinsic 
wall motion energy barrier, the wall energy, the activation volume, the saturation 
magnetisation, the cell dimensions, the single layer dimensions and the number of 
layers.
This model was run with parameters appropriate to the samples with CosoNiso in the 
magnetic layer. The aim was to determine the set of parameters which most closely 
matched the domain configuration imaged for these samples at the coercive field and 
whose time dependent growth most closely matched that observed. In figure 5.29 
domain patterns at the coercive field (3000e) for several simulations are shown and 
are compared with an image taken on the TEM at an applied field of 3000e. The 
results show the dependence of the results on two parameters which are not well 
known: the activation volume (Vact) and the domain wall energy ( g w). “The 
activation volume is the volume associated with the change in magnetisation between 
the maximum and minimum energy positions of the domain wall” [24]. The best 
match with the imaging results appears to be for a Vact which is 0.015 of the 
crystallite volume and a Gw which is 1.8xl0'3Jm‘2 [25]. Vact cannot be measured 
directly, but our value does not seem unreasonable. This volume represents a column 
through the multilayer approximately 5nm2 in area, or approximately lA  of a 
crystallite on a single layer. The value for g w has been measured for Co/Pt 
multilayers as 7.9x1 O'3 Jm'2 [6], 12.3x1 O’3 Jm'2 and 12.9xl0"3 Jm'2 [26]. Our value is
3000e
lOOOnm
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Figure 5.29: Recorded domain pattern at 3000e compared to simulated domain 
patterns at same field and with parameters shown. V is the volume of a single crystal 
in the model.
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between a factor of four and seven times smaller than the values quoted. This is 
reasonable since the Ms for CosoNiso (~1T) is about half that for pure Co (1.8T) and 
ctw is related to Ms since the domain walls will have very few free poles compared to 
domains. This leads me to believe that while the modelled behaviour may not be 
exactly correct, it is close. The growth of the domain patterns could be matched 
reasonably well with these values (figure 5.30), however the time dependence of 
these results were not satisfactory since the growth of the domains was continuous, 
rather than in jumps as seen experimentally. The next stage of this project is to be the 
addition of pinning sites to the model in the hope that the time dependence of the 
behaviour is improved.
Looking at the energy barriers to domain wall motion, they will be predominately 
domain wall pinning [24]. There is however a second source of domain wall motion 
energy barriers, that is the forcing together and subsequent annihilation of two 
domain walls with an opposite chirality. This process will only occur towards the end 
of the reversal process as the unreversed domains shrink in size. This can be 
contrasted with domain wall pinning, which can be assumed to have an constant 
effect throughout the whole reversal process if the pinning sites are randomly 
positioned. This additional mechanism appears to apply to the CosoNiso/Pt 
multilayers, and to a lesser extent the Co4 oNi6o multilayers, where there are a set of 
energy barriers at high field as the sample approaches negative saturation. This again 
would support the presence of domain walls of the type mentioned previously [15].
The results in this chapter have shown the usefulness of using several different 
techniques to investigate the properties of thin film media and the extra information
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Figure 5.30: Simulated domain growth for multilayer with CosoNiso in magnetic layer 
in a field of 3000e. Vact=0.015V, 0 w=1.8x1O'3Jm '3.
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that can be gained if the experimental techniques are used in conjunction with 
modelling. The TEM techniques developed in this thesis in particular have been 
central to the understanding of the magnetisation process. In particular it would have 
been virtually impossible to describe the magnetisation processes in the multilayers 
with CosoNiso in the magnetic layer without the image sequences obtained on the 
TEM.
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Chapter 6
TEM investigations of CoPt magnetic recording media
6.0 Introduction
In-plane magnetic recording has been described in chapter one. In this chapter I will 
present and discuss the results of characterisation experiments carried out on 
experimental magnetic recording media. This work was carried out in collaboration 
with S.Casey, E.W.Hill and J.J.Miles at the University of Manchester. The samples 
were deposited by S.Casey. The experimental procedures have been described 
previously in chapters two and three.
Magnetic in plane recording has been around for decades. During this time the 
recording media have changed frequently in an unrelenting drive for higher fidelity 
analogue and higher density binary recording. In recent years the rate of improvement 
has been such that the binary recording density has increased by an order of magnitude 
every ten years.
The density of a binary recording system is called the areal density. This is measured 
in gigabits per square inch (Gb/in2). The areal density of a recording system is 
governed by two factors: the track density (measured in tracks per inch), and bit 
density (measured in bits per inch). To increase the track density, the recording head 
has to be narrow, with high sensitivity and an accurate positioning mechanism. Bit 
density is increased by decreasing the head to media spacing (without causing a head
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crash) and both the media and head have to be capable of supporting the density of 
recording required. In this chapter I will concentrate on the recording media, and in 
particular CoPt thin film alloys.
In order to be suitable as magnetic recording media, a medium would have to be able 
to support as small domains as possible. Since domain walls themselves are in some 
materials up to lOOnm in width, which is comparable with the size of domains 
required, domain walls of this scale would have to be avoided for the very highest 
density recording media [1][2][3]. This can be done by growing crystallites which are 
magnetically decoupled from their neighbours, allowing the magnetisation direction to 
change over a much smaller range. As well as supporting small domains, these media 
would have to have: coercivities which are high enough to avoid accidental erasure, 
chemical and thermal stability and be cheap to manufacture.
6.1 CoPt as a recording media
Bulk CoPt has been known as a high coercivity material for some time. Initial attempts 
to deposit it electrochemically as a thin film for magnetic recording purposes, 
however, resulted in films where the crystallites were magnetically coupled and the 
coercivities were too low for magnetic recording («350Oe) [4]. Once these films could 
be deposited where the individual crystallites were decoupled, it was found that there 
were two other factors, as well as the coupling of the grains, which affected the 
magnetic properties of the final thin film: the structure of the crystallites, and the 
orientations of the crystallites [5] [6] [7] [8] [9].
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The crystallite structure for CoPt can be either face centre cubic (FCC) or hexagonal 
close packed (HCP). This depends on several factors: deposition parameters, annealing 
conditions (if sample is annealed), the layer thickness, the substrate and the cobalt to 
platinum ratio. Thin cobalt layers are known to be FCC in structure, reverting to HCP 
if conditions are right as the layer grows thicker. This was also found to be the case 
with CoPt alloys deposited under certain conditions [8]. The deposition of an 
underlayer, or a suitable choice of substrate, is known to promote the growth of a 
preferred crystal lattice for several thin film structures. The crystal structure is also 
strongly affected by the Co to Pt ratio [6] [7] [8]. For example, in the papers cited, films 
deposited with more than 25% platinum are either FCC, or a mixture of FCC and HCP 
in structure, while those with less platinum have an HCP structure.
The crystallites can have a preferred crystal growth direction over the whole volume of 
the film, this is called texturing, or the preferred growth direction can extend over only 
a localised volume, this is called clustering. The orientation of a crystallite has an 
effect on the magnetic properties since this determines the easy axis for that area of the 
sample. For HCP crystals the easy axis is the “c” axis. This means that if the whole 
thin film is textured and the structure is HCP then there will be an anisotropy direction 
for the film corresponding to the mean direction of the “c” axis. Clusters of crystallites 
where there is local texturing may be expected to appear more magnetically coupled 
within the cluster than to neighbouring clusters due to the common easy axis. This is 
because the edges of the clusters will be more likely to act as pinning sites for walls 
than grains within the cluster. This has the effect of increasing the effective crystallite 
size and hence the minimum magnetic feature size [10]. Clustering and texturing is
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thought to be related to the cobalt to platinum ratio, the substrate and the deposition 
conditions, although the evidence for this is unclear [8][11].
In order to investigate the micromagnetic effects of these changes in the 
microstructural properties of the thin films, several groups of thin films were 
investigated: (i) A group with different Co to Pt ratios, but the same thickness, (ii) 
Two films, one grown onto a standard silicon nitride substrate, the other grown onto a 
silicon nitride substrate which had been etched in warm sodium hydroxide for 20 
minutes, (iii) A group with the same composition but grown to different thicknesses. 
Each film in these groups was investigated to determine their crystallite structure, 
orientation, texturing and size as well as their micromagnetic properties. Suitable films 
were then chosen from these groups and their magnetisation processes were 
investigated more thoroughly. Finally a suitable film was chosen and magnetic bits 
were recorded onto the film at different frequencies and the structure of these recorded 
bits was compared with predicted structures obtained from computer modelling [10].
6.2 The effect of composition on micromagnetic and microstructural properties 
of CoPt
The samples studied in this chapter are detailed in table 6.1. The compositions and 
coercivities were determined by Siobhan Casey at the University of Manchester, who 
also deposited the samples. The samples were sputter deposited onto silicon wafers 
with silicon nitride windows, suitable for TEM investigation. They were grown over a 
period of months during which the deposition techniques were known not to be
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reproducable. For this reason it can not be assumed that the deposition conditions for 
all the films was the same.
name composition coercivitv thickn
sample A 37%Co 63%Pt 11880e 30nm
sample B 66%Co 34%Pt 8000e 30nm
sample C 72%Co 28%Pt 9000e 30nm
sample D 73%Co 27%Pt 9710e 30nm
Sample E 78%Co 22%Pt 9580e 30nm
Sample F 85%Co 15%Pt 2000e 30nm
Sample G 88%Co 12%Pt 950Oe 30nm
Table 6.1: The samples studied in this section
The bright field images (figure 6.1) show that the films have crystallite diameters in 
the range of 10-15nm, except sample C, which has crystallites which are noticebly 
larger at approximately 25nm in diameter. All the samples also have a degree of 
clustering except sample F. The degree of clustering for the other samples varies from 
sample D where clusters consist of 100’s of crystallites to samples C and E where the 
clusters consist of the order of 10 crystallites. There also appears to be two different 
crystal structures present in sample A, with the right hand side of the area (x) being 
similar to the other samples, but the left hand side (y) appears to have a different 
structure with more elongated crystallites. This is investigated later.
The untilted and tilted diffraction patterns (figures 6.2) are shown for each of the 
samples (an indexed pattern is shown in figure 6.3). The diffraction patterns were all
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Figure 6.1: Bright field images of samples A to D, showing the crystalite size and 
clustering.
50nm
mmmm
M m
Figure 6.1(cont): Bright field images of samples E to G. Sample F shows no clustering, 
while samples E and G show extensive clustering.
Figure 6.2 : Untilted and tilted diffraction patterns o f sam ples A to B. The tilted
diffraction pattern is on the right.
Tilt axis
Figure 6.2 (cont): U ntilted and tilted diffraction patterns o f sam ples C to D. The tilted
diffraction pattern is on the right.
T ilt axis
Figure 6.2 (cont): Untilted and tilted diffraction patterns of sam ples E to F. The tilted
diffraction pattern is on the right.
Figure 6.2 (cont): Untilted and tilted diffraction patterns of sample G. The tilted 
diffraction pattern is on the right.
Tilt axis
mmmm
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Figure 6.3: Indexed diffraction pattern for CoPt alloy.
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taken from the same size of area («65|im2) . They show that all the samples are HCP in 
structure. Samples C and D show strong texturing with the “c” axis perpendicular to
the plane of the film, while samples A and E show smaller degrees of texturing, also
with the “c” axis perpendicular to the plane of the film. As the areas of the samples 
which contributed to the diffraction pattern were the same, the granularity of the rings 
can be attributed to there being fewer crystal orientations present for samples A and D. 
This could be indicative of the degree of clustering of the sample.
These structural results show no correlation with the composition of the samples. This 
is probably indicative of the different deposition conditions which were used for each 
sample, and shows the relative importance of the deposition conditions and the 
composition with respect to the final structure. Especially when it is noted that all the 
samples described here were HCP in stmcture, despite the fact that articles cited state 
that thin films with the same composition are FCC.
Lorentz (Fresnel and Foucault) images (figures 6.4) of the samples in the spin
demagnetised state were taken. The spin demagnetised state was achieved by rapidly 
spinning the sample in a plane perpendicular to the plane of the sample and a magnetic 
field which was being reduced from lOOOOOe to zero over the period of several 
seconds. The Fresnel images show that there was no directionality in the 
micromagnetic structure in the plane of the film. The magnetic stmcture could 
however be split into four groups: In-plane domains without ripple; In-plane domains 
with ripple; perpendicularly magnetised domains; and a mixture of all three. Ripple in 
domains is caused by crystallites within the domains having different easy axes, which
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Figure 6.4 : Fresnel and Foucault images of sampls A and B. The Foucault im age is on the
right.
1500nm
Figure 6.4 (cont): Fresnel and Foucault images o f sam ples C and D. The Foucault im age is
on the right.
1500nm
Figure 6.4 (cont): Fresnel and Foucault images o f sam ples E and F. The Foucault im age is
on the right.
1500nm
Figure 6.4 (cont): Fresnel and Foucault images of sample G. The Foucault image is on the 
right.
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means that the local magnetisation direction within a single domain varies over a small 
angle.
The micromagnetic structure of samples B, C and G consisted of domains with no 
ripple. These domains were smallest for sample C (»200nm in diameter) but were 
larger for samples B and G (~500nm in diameter). These magnetic features are 
consistent with crystallites which are magnetically decoupled. This means that the 
magnetisation within a crystallite is less influenced by the exchange energy term, and, 
hence the energy balance in determining the micromagnetic behaviour will be between 
the anisotropy energy and the magnetostatic energy.
The domains in samples E and F extended over a larger distance (>lpm ) and have 
ripple. The scale of the magnetic ripple in both samples is similar, with the magnetic 
features changing over a distance of lOOnm. The scale of the extended domains is 
however different, with lpm  being the average diameter for domains in sample F, but 
for sample E this is the smallest diameter, with domains extending being as large as 
several pm. These magnetic features are consistent with crystallites which are 
magnetically coupled.
Sample D appears to have perpendicular magnetisation, with the domains forming a 
maze like domain structure. This is unsuitable for in-plane magnetic recording and 
could reflect a high perpendicular anisotropy caused by the “c” axis pointing 
predominately out of the plane of the film. The “c” axis is the easy axis for 
magnetisation in HCP cobalt. For this sample to be perpendicularly magnetised the
105
Chapter 6: TEM investigations of CoPt magnetic recording media
texturing in the “c” axis direction must be so large that the perpendicular 
magnetocrystalline anisotropy caused by this can overcome the shape anisotropy term 
described in chapter three.
Sample A shows regions of perpendicular and in-plane magnetisation. These features 
appear to vary as the crystallite structure varies on the same scale (figure 6.5). X-ray 
spectra were taken from points of the film, along with an x-ray map which mapped the 
intensity of the Cobalt Ka and Platinum La lines. These confirmed that the 
composition of the film did not vary spatially and that the different micromagnetic 
characteristics on this single film would appear to depend on the crystal structure 
alone. This is clearly undesirable in a single film intended for use as a hard disk 
recording medium.
The rather unpredictable magnetic properties of sample A, along with the varying 
properties of the other samples suggest that it is important to get a well defined 
deposition procedure which can be relied on for reproducable results. Overall the 
sample with the best apparent micromagnetic structure, from this evidence, for 
magnetic recording is sample C. This sample has a large degree of texturing, which 
will result in a perpendicular magnetocrystalline anisotropy term, which is obviously 
not large enough to cause perpendicular magnetisation as is the case in sample D, but 
could reduce the effect of the shape anisotropy, which causes the magnetisation to lie 
in the plane of the film. This may be the mechanism for the formation of the smaller 
domains.
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Figure 6.5: A bright field and Foucault image of the same area of sample A, showing the 
changing crystallite structure and the effect this has on the magnetic structure.
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Samples F and G were chosen to study further, they represent both categories of in­
plane magnetisation observed. The hysteresis loops for these samples are shown in 
figure 6.6. To study these samples further, magnetisation experiments as described in 
chapter three were carried out. Written bits were recorded on sample C and these are 
examined later.
The reversal mechanisms for both samples were recorded using the slow scan CCD 
camera and low light level TV camera. Only the results recorded on the CCD camera 
are shown here, although both sets of results proved invaluable in the interpretation. 
The centre of each of the LAD patterns was determined by fitting a circle to the pattern 
which displayed the largest arc, then fitting this circle to the other arcs. The centre of 
illumination was then determined by converting the image into an two dimensional 
array of values, and calculating the centre using the spreadsheet. From these two 
points, the mean deflection arrows were worked out. The magnetisation reversal 
process in samples F and G are shown in figures 6.7 and 6.8 and in figures 6.9 and 
6.10 respectively. Under the influence of a reverse field there is a marked increase in 
dispersion in sample F, followed by the appearance of reverse domains which increase 
rapidly in size. Reversal takes place at relatively low fields (~2000e). The LAD 
patterns for sample F show that the electrons are deflected so that they lie on the 
circumference of a circle throughout the whole reversal process (figure 6.8). This 
indicates that the electrons are being deflected predominately by the magnetisation 
within the sample and that there are negligible stray field effects. The LAD patterns 
also show that the magnetisation within a particular area rotates until it is at an angle 
slightly less than perpendicular to the applied field before domain walls form which 
move through the sample, aligning the magnetisation with the field.
Sample G
Sample F
-lOOOOe -5000e OOe 5000e lOOOOe
Figure 6.6: Hysteresis loops for samples F and G. The vertical scale is arbitrary .
+3000e
1 OOOnm
2000e 3000e
Figure 6.7:Foucault images of sample F in an applied field. Showing the domain wall 
sweeping through at -2000e.
Field and m apping direction: ^ ^
50Oe+3000e b
3000e2000e
Figure 6.8: LAD patterns of sample F in an applied field. Field direction: 
The white arrows represent the mean deflection. While the 
star represents the position of the undeflected beam.
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-13000e
Figure 6.9: Foucault images of sample G in an applied field.
Field and mapping direction:
+ 13000e b 3000e
13000e650Oe
Figure 6.10: LAD patterns of sample G in an applied field. Field direction: 
The white arrows represent the mean deflection. While the 
star represents the position of the undeflected beam.
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For sample G reversal takes place over a much larger field range (~20000e) and 
involves the formation of many small domains, the number of which grow as larger 
reverse fields are applied. The LAD patterns for sample G (figure 6.10) show the 
presence of stray fields by the fact that the intensity distribution is no longer in the 
form of an arc of a circle, when the magnetisation is reversing. The stray fields will be 
produced where the magnetisation in neighbouring domains meets head on, as 
described in chapter one, so the presence of large stray field effects suggests the 
presence of many large angle domain walls, and therefore domains. Furthermore 
observing the pattern as it changed in the microscope showed that the induction within 
a particular area moves from aligned against the field to aligned with the field in a 
series of jumps, with the initial jump often leaving a component of the induction 
aligned against the field.
The deflection angles caused by the Lorentz interactions between the specimen 
induction and the electron beam were measured from the LAD patterns. From these an 
approximate value for the saturation magnetisation (Ms) was calculated: for sample G 
Ms= 8.8xl05Am'1, and for sample F Ms= 6.6xl05Am'1. The error in each of these 
values will is *10%. The Ms value for pure cobalt is 1.4xl06Am_1.
Here I have demonstrated how the micromagnetic structure of thin film recording 
media can be imaged in the presence of applied fields sufficiently large to take them 
through a magnetisation cycle. The resolution in the magnetic image sequences shown 
here is approximately 50nm so that very small scale magnetic features can be 
identified clearly. Of the two CoPt specimens investigated in depth, only sample G has
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the makings of a satisfactory recording medium. The observed reversal mechanism is 
compatible with there being substantial exchange-decoupling between grains. For 
sample F, by contrast, the low coercivity and the observation of walls moving through 
the sample suggest that inter-granular exchange coupling is substantial.
Finally, the LAD provides not only useful information (in conjunction Foucault 
imaging) of the reversal mechanism but also a microscopical means of determining the 
saturation magnetisation. In the case of the two samples under study here the values 
differ substantially but in a manner at least qualitatively consistent with the Pt content 
determined from x-ray microanalysis [7]. This paper shows that the Ms decreases 
sharply as the cobalt composition is decreased from 100% Co to around 70% Co, 
where the Ms was unrecordable. A direct comparison of the Ms values cannot be made 
since the microstructural make-up of the samples are different.
6.3 The effect of substrate condition on micromagnetic and microstructural 
properties of CoPt
To examine further the effect of the microstructure on the magnetic properties, another 
pair of samples (samples H and I) was deposited to a thickness of 30nm with the same 
deposition conditions and composition (80%Co 20%Pt) onto two different substrates: 
one (sample H) was deposited onto a standard silicon nitride window which had been 
exposed to concentrated, heated sodium hydroxide (NaOH) during the etching process 
for twenty minutes and the other (sample I) was deposited onto a silicon nitride 
substrate which was only exposed for two minutes. NaOH is highly corrosive and 
although silicon nitride is known as a mask for NaOH etching, there will be some
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corrosion into the surface of the silicon nitride. The bright and dark field images 
(figure 6.11) and tilted diffraction patterns (figure 6.12) showed that although the 
crystallite size for the sample H is less, there is a clustering of the crystal orientations 
which made the number of crystallite orientations in a given area less than for the 
sample I. A low magnification dark field image was taken to determine the extent of 
the clustering (figure 6.13). This showed that clusters extended over several pm, a 
much larger range than for any of the previous samples. The crystallite texturing and 
structure however appeared to be the same for both samples, being HCP with the “c” 
axis lying out of the plane of the film. The magnetic properties of the sample H were 
however much harder to determine (figure 6.14), this was partly due to the increased 
crystallite contrast in the magnetic images and the apparent increase in complexity of 
the magnetic structure itself. The magnetic structure for sample I is reported in the next 
section as this sample is equivalent to sample N. These results confirm that the 
substrate surface conditions must be reproducible if consistent properties are required.
6.4 The effect of thickness on micromagnetic and microstructural properties of 
CoPt
A series of samples was deposited from the same target onto similar substrates with 
similar deposition parameters, but to different thicknesses. The sample composition 
was: 20%Pt 80%Co. The thicknesses were 5nm (J), lOnm (K), 15nm (L), 20nm (M) 
and 30nm (N). These samples were characterised in the same way as the samples with 
different compositions. The diffraction patterns (figure 6.15) showed a textured 
hexagonal close packed crystallite structure, with the “c” axis lying out of the plane of 
the film, in all the samples. Convergent beam diffraction patterns of a single crystallite
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Figure 6.11: Bright field images of samples H (a) and I (b).
Figure 6.11 (cont.): Dark field images o f samples H (c) and I (d) showing the changes in
the clustering.
m '
Figure 6 .12:Tilted diffraction patterns of samples H(a) and I (b), Tilt axis
showing the similar texturing.
4000nm
Figure 6.13: A dark field image of sample H showing large scale texturing.
1500nm
Figure 6.14: Bright field (a), Fresnel (b) and foucault pair (c),(d) images of same area 
of the sample H. This shows how the magnetic structure is hidden, to an extent, by the 
large crystallographic contrast. The white arrows represent the mapping directions in 
the Foucault images.
lOnm
20nm
30nm
Tilt axis
Figure 6.15: T ilted diffraction patterns for samples grown to different thicknesses, show ing the sim ilar
crystal structure betw een the samples.
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were taken of samples K and N (figure 6.16). These confirmed that they were indeed 
both HCP in structure. The bright field images (figure 6.17) showed more contrast as 
the sample thickness increased; this was thought to be due to the increased amount of 
diffraction from each crystallite rather than any changing structural characteristic. 
There is no apparent change in the average crystallite size, or clustering (which is of 
the order of 10 grains or less) as the sample thickness increases. In addition dark field 
images were taken of samples K and N (figure 6.18), these highlighted individual 
crystallites and allowed the crystallite size to be compared more readily. The two dark 
field images are essentially indistinguishable, confirming the similarity of the 
crystallite structure. The magnetic microstructure was recorded as Foucault images of 
the spin demagnetised state (figure 6.19) and appeared to change as the sample 
thickness increased. The prominant features on the Foucault images of the thinner 
samples are probably the features that can just be made out on the bright field images 
of these samples (figure 6.17J) and do not appear to be magnetic. The origin of these 
contaminants is not known. The most prominent change in the micromagnetic 
structure was between samples L and M. The magnetic microstructure of the sample L 
was made up of domains around 350nm in diameter, while those for sample M were 
around 150nm in diameter. As the sample thickness increased further to 30nm (sample 
N), the size of these domains decreased further to lOOnm across. This is not an 
unreasonable observation, and will be due to the larger shape anisotropy in the thinner 
samples. As the samples thickness increases the ratio of the out of plane dimension to 
the in plane dimensions will increase, so the out of plane demagnetising will decrease. 
This will mean that the overall energy term forcing the magnetisation to lie in plane 
will be smaller. As with sample C, this suggests that the larger the force which forces 
the magnetisation to lie in plane, the larger are the domains which are formed.
I l l
Figure 6.16: convergent beam diffraction patterns for samples grown to lOnm (K) and 30nm 
(N) showing the same (0001) diffraction pattern.
20nm15nm
30nm
60nm
Figure 6.17: Bright field images of samples grown to different thicknesses showing the increase in 
contrast but the lack of any other changes.
30nm
50nm
Figure 6.18: Dark field images of samples K and N, highlighting the similar 
nature of the two samples.
lOnm
15nm d 20nm
30nm
600 nm
Mapping direction
Figure 6.19: Foucault images of samples grown to different thicknesses in the spin demagnetised state. 
This sequence shows the decrease in scale of the magnetic features as the sample thickness increases.
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Foucault images of the micromagnetic reversal process of the samples was recorded, 
which were all similar. The magnetisation process for the sample N is shown (figure 
6.20) as it had the best contrast. The reversal process is very similar to that previously 
described for sample G, the size of the domains which are formed during the reversal 
process is of the order of 200nm in diameter.
6.5 Investigations of written bits in CoPt
Bit patterns have been recorded onto sample C at the University of Manchester at a 
density of 15 and 30 Mbits/in2. The bits were written before the windows were etched 
into the substrate, and the write head was in contact with the substrate while the bits 
were being written. Sample C was chosen since it had the smallest in-plane domains 
and so should represent the highest density of recording possible on the samples 
studied. These bit patterns were studied using Fresnel and differential phase contrast 
(DPC) imaging to try to determine characteristics such as the transition width. The 
transition width is the width along the recording direction over which the 
magnetisation of the bit is not entirely in the intended direction (figure 6.21) and is 
related to the signal strength of the recoverred signal. The transition region is caused 
by the domain pattern attempting to reduce the magnetostatic energy.
The Lorentz images of the bits recorded at a density of 15Mbits/in2 (figure 6.22) show 
that most of the contrast is at the edges of the tracks where there is less stray field to 
affect the contrast. The transition widths measured from the DPC images are
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Figure 6.20: Foucault images of the magnetisation process o f sam ple N.
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Figure 6.21: A schematic of the magnetisation direction in recorded bits 
showing the transition width.
lOOOnm
Figure 6.22a,b: DPC images of tracks written at 15mbits/In2, mapping in directions 
shown.
15mbits/In2 Track
Track edge 
15mbits/In2 Track
30mbits/In2 Track
Track edge
Track edge
Figure 6.22c: A DPC image with the track edges highlighted. The recording direction is 
horizontal.
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approximately 0.25|im (this can be seen more clearly in figure 6.22c where the bit 
boundaries have been highlighted). The total bit length was 2pm and track width is 
10pm. The bits recorded at 30Mbits/in2 could not be imaged clearly.
To act as a direct comparison, a magnetisation sequence was recorded for sample C 
(figure 6.23). This showed a reversal mechanism which was again similar to that for 
sample G, with the domains which were formed during reversal being »250nm in 
diameter.
6.6 Discussion
In this chapter I have been able to describe the micromagnetic properties of a range of 
CoPt alloy thin film samples. The structural information has been recorded to a 
resolution of better than 2nm, and the magnetic information to a resolution of better 
than 50nm in the presence of an applied field up to 25000e. The micromagnetic 
reversal mechanisms of certain samples has been recorded to the same resolution. I 
have also demonstrated that by using suitably designed experiments on the TEM I can 
determine the differences in micromagnetic behaviour of thin film CoPt alloys with 
changing structural properties.
The results from section 6.2 and 6.3 suggest strongly that while the composition may 
be a factor in the magnetic properties of the sample, the microstructure is much more 
important and is dependent primarily on the deposition parameters and substrate. This 
is especially evident from sample A, where two regions of the same sample, with the
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Figure 6.23: Foucault images of m agnetisation processes in sam ple C
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same thickness and composition can support in-plane or perpendicular magnetisation, 
the magnetisation supported being dependent on the crystal structure of the region. 
However more information is needed on the deposition parameters for the samples in 
order to draw coherent conclusions from these results.
The results from section 6.4 show that the micromagnetic structure of the samples 
changes as the sample thickness changes. Previously this had been put down to a 
changing microstructure, however my results show that the crystal structure remains 
constant under the growth conditions for these films. This suggests that the changing 
properties are caused by the changing thickness alone. As the sample thickness is 
increased, the in plane anisotropy will decrease. This is a similar reduction to the in 
plane anisotropy that will be caused by the texturing of the “c” axis perpendicular to 
the plane as seen in sample C.
The transition width measured for the bits recorded onto sample C is of the same order 
of magnitude as the average domain size apparent from the magnetisation sequence 
(0.25pm). This is slightly larger than the estimated transition width measured from 
MFM images (0.1pm) [12]. Since the MFM images the stray field around the bit 
patterns, this will look smoother than the actual bit transition width, so this result is 
not surprising.
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Chapter 7
Discussions and future work
7.0 Introduction
The aim of this thesis has been to investigate the physical and magnetic nanostructure 
of thin film magnetic systems. In particular the change in the magnetic nanostructure 
as an external magnetic field is being applied was to be investigated. This investigation 
primarily involved developing techniques for applying a magnetic field to a sample, 
which will be large enough to reverse the magnetisation of the sample and which can 
be applied while the sample was being imaged in a TEM. These techniques were then 
to be used to examine the magnetic behaviour of three classes of magnetic thin films: 
GMR sensing media, MO recording media and magnetic longitudinal recording media. 
The results of these studies were then to be analysed to determine the nanomagnetic 
and nanostructural properties appropriate to the suggested application.
7.1 Discussion
In chapters two and three I outlined the techniques that were used in this thesis. The 
success of these techniques has been discussed with reference to the results obtained in 
chapters four to six.
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7.1.1 GMR sensing media
In chapter four I investigated GMR sensing media. These media were Co/Cu and 
CoCu/Cu multilayers with different layer thicknesses. Structurally it was found that the 
samples were indistinguishable on the basis of their crystal size distributions, however, 
the crystal structures of their magnetic layers varied. If the Co layers were thicker than 
2.0nm, both FCC and HCP stacking were found to be present but in the thinner Co 
layers only FCC crystallite structures are present in the Co layer. The CoCu alloy was 
found to be entirely FCC. These results are entirely consistent with previous NMR 
studies [1].
Magnetically the systems showed three different types of behaviour when a reversing 
field was applied:
(i) The samples with Cu spacer layers of 0.9nm, corresponding to the first AFM 
maximum, reversed by means of magnetisation rotation. The exact mechanism of the 
reversal changed as the thickness of the Co layers changed but the two mechanisms 
could be explained by the presence of an anisotropy field. The reason for this field 
could not, however, be explained.
(ii) The sample with a CoCu alloy in the magnetic layers and Cu layers corresponding 
to the second AFM maximum reversed by means of magnetisation rotation in some 
layers and domain wall motion in other layers. The reason for different mechanisms in 
the different layers could not be confirmed, although it was suggested that it was 
caused by changing coupling strengths at different depths within the multilayer system.
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The presence of an anisotropy field for this sample was also detected and once again 
the reason for this field was not found.
(iii) The third type of behaviour occurred in the samples deposited with 2.0nm thick 
Cu spacer layers, corresponding to the second AFM maximum and Co in the magnetic 
layer. These samples behaved in a similar manner to Co/Cu multilayers investigated 
elsewhere [2] and the reversal mechanism involved a loss of directionality in the 
magnetic structure as the field was reduced followed by an increase in the 
directionality as reverse saturation was approached. There was no apparent anisotropy 
for these samples.
There is no immediately apparent reason why there should be an anisotropy present in 
some of the multilayers but not others. They were all deposited under the same 
conditions and the antiferromagnetic coupling between the layers should if anything 
make anisotropy more apparent, in the films which do not show the anisotropy, due to 
the weaker coupling at the second AFM maximum.
More work will have to be done to understand the reversal mechanisms of all these 
samples. More use could be made of the DPC mode of Lorentz microscopy in order to 
facilitate this, since this mode gives a more quantitative measure of the magnetic state 
than Fresnel or Foucault modes [3], and can be implemented at the small applied fields 
that are required to reverse this sample. The reason for the anisotropy in only some of 
the samples will also have to be investigated, along with how the anisotropy affects the 
GMR response of the multilayer. Extra MR loops could be easily measured, and would
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determine whether the anisotropy can be used to advantage, or whether it is 
undesirable.
Once the properties of an extended thin film are understood, the properties of patterned 
elements will have to be examined, since these multilayers will almost certainly be 
used in this form. Changing the dimensions of the film will change the magnetostatic 
energy term in the energy equation, and may change the magnetic behaviour of the 
multilayer significantly.
7.1.2 MO media
The MO media characterised in chapter five could be divided into two categories 
based on their bulk magnetic properties: (i) two samples which when undergoing a 
reversing field sequence nucleated reverse domains at fields lower than that required 
for reverse saturation and (ii) three samples which nucleated reverse domains at fields 
higher than that required to attain reverse saturation. These two cases were 
characterised by hysteresis loops which had a kink in case (i) and were essentially 
square in case (ii).
Micromagnetic studies of these two cases were carried out in conjunction with bulk 
magnetic characterisation using an AGFM. The use of several investigation techniques 
aided the understanding of the results.
In case (i) the domains which were nucleated were maze like in structure, with each 
branch of the domain structure having a narrow range of widths. Once formed the
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domains appeared also to be fixed in position with little or no domain wall motion 
apparent in the initial stages of reversal. The difference between the two samples of 
this type was simply that the sample which had been annealed had an increased 
domain nucleation field, and there was no evidence for any other effect on the 
micromagnetic behaviour. Previous studies of similar samples have suggested that the 
effect of annealing is to cause silicon or oxygen diffusion into the edges of the 
crystallite [4], although the reason why this would increase the domain nucleation field 
is not immediately apparent. Magnetic simulations have suggested that a defect is 
required for domain nucleation [5]. It is perfectly reasonable to suggest that annealing 
will remove some of these defects and thus reduce the number of possible nucleation 
sites. This could be the mechanism by which the domain nucleation field is increased.
The micromagnetic behaviour of these samples was simulated using a Monte-Carlo 
model in an attempt to estimate various parameters which are difficult to measure. By 
matching calculated domain patterns with recorded domain patterns, an estimate for 
the value of the wall energy (aw~1.8xlO‘3Jm'2) and the activation volume ( V a c r = 0 - 0 1 5  
of the crystallite volume (~3xl0'23m3)) was obtained. The value for a w was compared 
to previously measured values for Co/Pt multilayers, and was found to be consistent 
with the change in the Ms value. The value for Vact represents a column, 5nm2 running 
through the height of the multilayer, or approximately 14 of a crystallite on a single 
layer. Both these scenarios appear reasonable, although there are no measures for 
direct comparison.
In case (ii) the domains which are formed during the initial stages of the reversal 
process are much more variable in width than for case (i) and there is evidence for
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substantial domain wall motion during all stages of the domain wall process. The 
differences between the samples are in the scale of the domains and the shape. The 
domains nucleated in the RE-TM samples were more elongated, and had a larger 
average width than those nucleated in the Co4 oNi6 o/Pt multilayer.
The next stage of the simulation process will be to match the time dependence of the 
magnetisation reversal more closely. In order to achieve this, one possible solution 
involves the addition of pinning sites to the simulation. This method has shown some 
promising initial results, but is still ongoing. In future the parameters for the other 
multilayer sample (with Co4 oNi6o in the magnetic layer) could be incorporated into the 
equation, and simulated. This would give an idea of how the unknown parameters 
change as the shape of the hysteresis loop changes. This will indicate whether the 
changes in the reversal mechanism are due purely to the fundamental energy 
considerations described in chapter one or whether they are due, for example, to 
changes in the wall energy due to a different wall structure.
The proposed application for these media will be the recording of MO marks, so 
written MO marks will have to be examined in the TEM. Some marks have been 
recorded onto the sample with Co4 oNi6 o in the magnetic layer (figure 7.1). The 
investigation of these marks will involve recording them with different laser powers 
and using different field values. The marks can then be examined using DPC imaging 
to determine whether, for example, there have been any changes to the physical 
microstructure, or to determine the bit roughness. The bit roughness is a measure of 
how well defined the written mark is and will be a determining feature in the signal to 
noise ratio.
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Figure 7.1: Fresnel image of marks recorded at different laser powers on sample with 
Co4oNi6o in the magnetic layer, (courtesy D.M.Donnet)
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7.1.3 Magnetic recording media
In chapter six the nanomagnetic properties of CoPt alloys were investigated with the 
aim of referencing them to the physical nanostructure. The physical nanostructure 
itself was found to be completely independent of the sample thickness in the ranges 
measured. No correlation was found with the sample composition and the crystallite 
structure, which was found to be heavily dependent on the substrate condition and the 
deposition conditions (which were known to change but the exact details of which 
were unknown). Indeed it was found that all the samples investigated in this chapter 
were HCP in structure whereas on the basis of previous investigations on CoPt alloys 
samples some of them would be expected to be FCC in structure [6]. This anomaly can 
only be put down to either the different deposition conditions or the fact that the 
samples in the other studies were deposited onto glass substrates [6]. More would have 
to be known about the changes in the deposition conditions before more conclusions 
could be drawn. This forms the part of a different investigation.
The micromagnetic response of some of the alloys to an applied magnetic field was 
measured. This showed two different types of behaviour which resulted from 
changing degrees of coupling between the crystallites. If the crystallites were 
magnetically coupled, domain walls moved through the sample as a reversing field 
was applied, whereas if the crystallites were essentially magnetically decoupled, 
reversal proceeded by the nucleation of many unconnected domains which were of the 
order of 200nm in diameter. This second type of behaviour was found to be present in 
the samples which were deemed most suitable for magnetic recording. As part of
122
Chapter 7: Discussion and future work
recording the micromagnetic response of these samples to a magnetic field, the 
saturation magnetisation of two of the samples was measured in the TEM, and found 
to be consistent with the change in composition.
The samples which displayed the domain sizes most suitable for magnetic recording 
were found to have texturing, with the “c” axis pointing out of the plane of the film. 
This would have the effect of reducing the in plane anisotropy, which in turn acts to 
decrease the average domain sizes. This effect was also witnessed as samples were 
grown to different thicknesses, where the samples maintained the same nanostructure, 
but the average domain size decreased as the sample thickness increased. This could 
only be explained by the decrease in the in-plane anisotropy caused by changes in the 
demagnetising field. It is not clear by how much more the average size of the domains 
can be decreased by thickening the film before the shape anisotropy becomes too small 
to overcome perpendicular anisotropy from the “c” axis texturing and the preferred 
magnetisation direction becomes perpendicular to the surface of the film. This will be 
a source of future experiments once the deposition conditions have been proven to 
provide reproducible samples.
The written domains themselves were written to a density of 15 and 30Mbits/inch2 
onto the sample which was judged to have the most suitable domain configuration, 
although only the bit patterns written to a density of 15Mbits/inch could be 
successfully imaged. The peak to peak transition width for these bits was measured to 
be «0.25(im. This length was comparable with the transition width simulations would 
predict for this sample (»150nm) [7]. The recording density demonstrated in this 
regime is not of the highest attainable. This is an obvious source of future work, with
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both the sample and the writing conditions being optimised to produce the highest bit 
densities possible on this type of sample.
Much of the proposed work with the aim of increasing the density of hard disk 
recording has focused on etching tracks or other features in the media. Since the 
nanomagnetic behaviour of the various samples has been well established by the TEM 
experiments the properties of the most promising alloys can be determined once they 
are patterned into elements. Indeed this is already underway as part of a different 
project.
7.2 Conclusions
In the course of these investigations I have demonstrated the ability of the TEM to 
determine the nanomagnetic and nanostructural properties of a wide variety of thin 
film systems. In particular I have been able to image and understand the evolution of 
the nanomagnetic properties of these thin film systems in a changing magnetic field. 
Investigations such as these will be invaluable in the search for higher capacity 
recording systems as they are used to characterise both the recording media and the 
materials for use in the read heads. A final note on the success of these techniques is 
that they are already being made use of in the study of other thin film systems with 
great success.
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